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Working memory 18 g system consisting of those long-term memo

fraces active above threshold, igg procedures and skills necessary 1o

achieve and maintain that activation, and limited-capacity, controlled

attention. The specific features of our model include:

{1} Domain-free, limited-capacity controlled attention.

-

{23 Domain-specific codes and maintenance {phonological loop and
visuospatial sketchpad are two examples but the potential number of
such codes is large).

{3} Individual i;ff rences in both 1 and 2, but individual differences in

- capacity for controlled processing are general and possibly the mech-
anism for gener ai fuid in §§§§emsﬁ* Although people can, with prac

tice and expertise, circumvent the abiding limitations of controlled

ecific situations, the limitations reemerge in

attention in fimi Sp
novel situations and even In the domain of xg}&:vmé if the situation
calls for controlled processing.

{4} Limited-capacity, controlled processing is required for maintaining

temporary ;}@35? in the face of distraction and interference and for

|5

or suppressing distracting events.

3;‘;@5 associated structures
orking memory. We

ed proc 14 repe-

Working Memory and Controlled Attention 13

ial influences have served to shape o
ai its evolution as a construct s
. In thinking éb ut the nature
antioun mjv‘gz
ructs, Further, thereis no ;zsg:iz thing as
; , ii;:g short-term and working memory.
an attempt by our lab to determine construct valid-
% working memaory measures.
in zéaa;m? is an approach to developmental psychology often
Piagetian,” although the ideas can easily be traced back to
‘, one of Plaget’s early influences. Baldwin and others argued
an tasks reflect ability to maintain attention, a fundamental
aspect of ii‘i%agi “tual abilities, both isé; the developing human and across indi-

inking about

KZW

viduals at en stages of development (Case, 1985; Pascual-Leone &
H%Egi{iiafi 1994; Piaget, 19261 At least in studies with normal adults, how-

ord span tasks do not consistently and reliably predict
1stays igher-level cognition as reading or listening comprehen-
sion s;iﬁ:z’f%zzzz & g,ffi%i,; Id, 19773,

Daneman and Carpenter (1980) developed a span measure called the read-
ing span task that correlated reasonably well with language comprehension
measures, Subjects read (or listened to} a list of 2 to 6 sentences, Afterward,
the subject recalled the last word of each sentence. This critical measure, the
number of sentence-final words recalled, is, on the face of it, very much like a
simple word span task. Turner and Engle (1989} developed a similar task In
which the subject solved a string of arithmetic operations and then read
at followed the string. After a series of such operation-word
strings, the subject recallied the words.

Both the reading span task and the operation span task are really dual tasks

;
?
i3

aloud a word t

that require the subject to do something (read a sentence or solve an opera-
tion string) and, separately and inferleaved with this task, to keep track of an
evolving and growing list of words. These span tasks, and others developed
since, # ﬂ;mmuw reflect some ability that is &i;}{gaméﬁta;%g important to
-fevel cognition because measures of working memory capacity reliably
riormance in a wide variety of real-world cognitive tasks. Significant
refation s%%zg}* with measures of working memory capacity have been reported
i i smprehension {(Daneman & Carpenter, 1980, 1983), language
ngion {(King & Just, 1991; MacDonald, Just, & {as?%m? 1992y,
ol (Ormrod & Cochiran, 1988), following directions (Engle,
“ﬁ?iif vacabulary learning (Daneman & Green, 1*}8%},
¢ Benton, 1988), writing (Benton Kraft, Glover, & Plake,
5& dlonen & Christal, 19903, and complex learning
rens, 1990; Shute, 1991}
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Two guestions izgxe gs
“What accounts |
alse imp
a&} {§%3§§‘§ of st
of zfsaf%%zzg memory in gen
wed a combination of z}a%%’z regression %iazé%sg and experimen-
The exireme groups are

A i‘%?fzagiizg tell us ¢

o answer thoese

4

o
o

ased %ii;{izei H%ir}g? > gToups.

and lower {low V

i
wking memory capacity

h as the reading and

operation span tasks,
We think of “working memory” as a the
form of long-term memory races active above § %‘é{;%ai { processes for

achieving and maintaining that activation, and {f:} wn{mi% f,% attention.
However, when we refer to “working memory capacity,” we mean
ity of just one element of the system: controlled attention. We do not mean
the entire working memory system, but rather the capabilities of the limited-
capacity attention mechanism which Baddeley and Hitch {19
Raddeley & Logie, Chapter 2, this volume) called the central executive. Thus,
we assume that “working memory capacity” is not really about storage or
memaory per se, hut about the capacity for controlied, sustained altention in the
face of inferference or distraction. This is conceptually similar to what Norman
and Shallice {1986) called the Supervisory Attentional System and is related o
what Posner and Snyder {1975) and Schneider and Shiffrin (1977} referred (o
attention. The ceniral executive is also likely related 1o the ante-

Posner als

the capac-

see also

as controllec
rior attention systemn proposed by
Smith, McEvoy, & Yu, 1997},

We have proposed that individual differences on measures of working
memory capacity primarily reflect differences in capability for controlled pro-
will be reflected only in situations that either encourage or

and Peterson (1990; see also Gevins,

cessing and, thus,

demand con zi',, e attention (Conway & %;%E»i* §f3*§?éy Engle, Conway,
T 33@3“3}2 # Shis : Rosen & Engle, 19971 Suc simgﬁn s include (a
vhen task goals lost unless they are actively maintained in worki

ar
edd 1

tions competing for fsegg)a:mdm? or §'§%§§i’§§i§3 prep

y when conflict among actions must be resolve

1 2%‘;6?8 is value in maintaining some iza*;%s information in

face of distraction and ;mgrégﬁmf o) when there 15 value in suppressing

1ibiting information by it to the task; () when error monii

1 correction are controlled and iéia?ifz*i and {g) when contro

isn ry or useful.

then, is that working memory capacity
ory representations, to either bring them into focus

ation

gzx

error; ()

el
S
«M

Hed,
eilects the ability to

sarticularly in the face of interference or distrac-
capability is

that controlled process
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Hed7 { in

tasks we refer to as MEMarY

e same underivin ng construct? Fu

measures of working n

rther, do such tasks

measure something ferent from traditional short-term memory tasks and,
i 50, what distinge s them? Engle, Tuholski, Laughlin, and Conway {in

s <,
ed these questions in a recent study directed at Cowan's (199
his volume) distinction Detween short-term memory

s

s o .
RS Aduires

also Chapter 3, t

andd rking memory and the relationship of these constructs to general
fluid intelligence (¢F), Cowan considers short-termy memory a subset of

working memory, Short-term memory is a simple storage component mean-
yme ambient baseline, whereas the
ter * refers to a system consisting of that storage cont-
ponent as w;é; as an attention component. This view is consistent with
Baddeley and Hitch's {1974) original model, except the concept of short-
tenm memory is retained and viewed as consistent with the slave systems
fing phonalogical foop and the visuospatial skerchpad). Thus, Cowan's view
memory consists of the contenis of short-term memory plus

emory units active above 30

i i\fél‘rmﬁ 4 i?}“i?"{i?‘

ing those me

s that working
controlled attention.

e ot al {in press) grﬂ‘§=ﬁ'>z‘zsz§3a§ an analysis of the unigue and shared vari-
ce i tasks thought to reflect STM and WM, the underlying factor structure
variance, and the extent to which a theory of the two constructs is
y structural models of the variance in the tasks, Figure 4.1 shows a
ic of a measurement model based on those constructs. Controlled
attention can % ieve activation of long-t ces through ¢
trolled retrieval, to maintain activation through various means, or to dampen
activation through inhibition. Short-term memory consists of those traces
active ahove threshold, with loss of activation caused by decay and/or inhibi-
The short-term traces could be primarily in the form of phonological
visual features or, indeed, many other features; 33{3%&?%? the
inciples of forgetting, interference, and so on

small number of those traces recelve increased

;‘sgaii%;’zif from salience to the current fask goal

be used to a

tiOo.

s iraces
dless of

;gga;

format. Some very ctivation

v attention or from
5 ac isxfsimga resulting from emotional salience.

i shori-term memory as a subset of working memory. Thug,
, variance shared between pure working memory tasks
anl -term memory tasks should reflect the short-tenn component.
The variance %é*éi over {or residual) in working memory tasks after removal of
t the controlled attention or

at a conceptual leve

the variance shared by the two tasks should refle
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| between 3%3 st faﬁiif wmory and m&;gig me ‘éi}fj 35%\53 ,mfa{’i'%
2 ont (g} the specific mental procedu ilis
{

e and maintain activation and (b
exampie, if botl ’s% and 5TM tasks

: ' i perceptual gr @i;;}igég or
g‘%‘zis*&z; 4 *égé 5, skilt at phonological coding, and speed of phonological

rehearsal would all contribute to shared variance between the WM and §TM
sise, sk 325 at i’!“ﬁd{&ﬁ‘i{ig coding and speed of manipulating visual and
bute to shared variance to the extent that both
isual/spatial materials and require similar mental
er, to the extent that STM and WM tasks require different
would be unigue variance in each task associated with indi-
es in the domain-specific skills and abilities,

.f‘zsmi 1er point at which variance would be shared between the two types of
tasks is the extent to which they both rely on controlled atiention. To the
extent that the different mental procedures do nof rely on limited-capacity,
controlied attention, the shared variance would depend on whether the two

cid that aee active above threshold, with sy
Aty o B region of og-ter memory,

Short-term memaory

Long-term memory

Cantral Executive

g
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ong l{ﬁéi“&@“’l&fl’i"('} memaory,

arpund the neet digit on the st e suldreet from

Thoag, the sctivated trace could be as simple as
wr Bk vast as the gist tor War and Peace.

cha i decay or rarierence,
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e Gonsigts of those

are attention demanding).
o

(working memory capacity, controlied attention,
focused attention, supervisory attention systam,
b Maintain setivation (o the extent that maintenance activities

anterior attention system, eto. ..
¢ Block interference through inhibition of distractors.

& Auhiave activation through controlied relrieval,

Relationship of Components of Working Memory System
Any given W or 3TM task reflects all components to some axtent

Magnitude of this ik is determined by the extent o

tasks shared specific materials or procedures. However, if the procedures
required for the STM and WM tasks both require controlled processing, they
would tap variance common {o the central executive. That would be true
even if the materials used in the two types of tasks were from different
domains and the procedures required different coding strategies. Thus, there
are nio “pure” STM or WM tasks, Tasks are graded in the extent to which they
are a "good” S5TM or WM task depending on the overlap in the task content or
materials, in the procedures used to perform the task, and on the extent (o
which the tasks require controlled processing.
We (Kane & Engle, 1998) and others {(cf. Duncan, 1995} have made the

R B
i
I

maodel

n¢t the centra

1 the procedures for achiaving and maintaining
ativation are routinized or aitention demanding.

Grouping skills, coding strategies,

and procedures for maintalning
b More, or less, attention demanding depending

Thiss, # is asswmed that, in intelligent, welb-aducated
atulty, coding and rehearsal in o digit span tesh would

e fess attention demanding than in dyear-old children,

E
2
-
B &
e Ed
Zd E+
3 é argument that the construct of working memory capacity is isomorphic with
£z \ . .
22 E £ the Egﬁsiﬁ% for controlied processing, which has a strong relationship to gen-
G’{; % H P
g §§ % . B eral fluid intelligence or gF. Fluid intelligence refers to the ability to solve
2 zf e - £ novel prob %a ms and is putatively nonverbal and relatively culture free (Homn
> 3% = o 2 o
£ ¢ 2 =5 A0 & Cattell, 1967}, The Raven’s Standard Progressive Matrices {Raven, Court &
. =y . -
b @ o« 20 = Haver, 1977} and the Cattell Culture Fair Test {Institute for Personality and
z o J

Ability 'i‘sﬁiisg 1973} were used as our gF measures, Both tests consist of
visual patterns and the choice of a pattern that would complete the larger tar-
get pattern or that would it a sequence of patterns.

We tested 133 subjects on a variety of tasks that logic an d research had
led us to believe would be good working memory tasks. These ”im‘}efé read-
ing span, cperation span, and counting span {a form of the task used by
Case, Kurland, and Goldberg, 1982, but medified to require controlled
counting). We also used tasks we thought would be good short-term mem-
sy tasks including forward-word span with dissimilar words, forward-word
ith similar {rhyming} words, and backward-word span with dissimilar
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P Catiell

uestion was whether all the memorn

er a two-factor model {Le, 5TM

question was whether i
W and STM was removed, th
controlted attention) would <o
%“f* STM residual would also corre
suld not correlate with the
agééiysss would suggest,

1'%32 %E*ﬂﬁé*f%{%?“’ Eéf}i‘Qﬁ,E was

ght we m%{; be ;?fsd 2

~§-’§a or model was a significantly
1 §§ us, the model “8(;3 ed a s z;safst@ consirud
and for short-term memory even though the two constructs were strongly

ct ?ﬂf W ﬁiiﬁg‘ memory capacity

g

related. The next i}iif"%iiﬁig was whether the two constructs showed ar

tionship to general fluld intelligence (gF) as indexed by the Ravens and ( atteil
Culture Fair tests. The analysis showed that the model required a strong con-
nection between the working memory latent variable and general Huid intel-
ligence but did not require a connedt tion between short-term memory mai gk
if our a{guﬁ;ﬁxﬁ about the relationship among the constructs of working
memory, capacity fo s+ controlled attention, and gF are correct, then we shoule
be able o test éﬁ}%f‘% ser controlled attention is related to general fluid intelli-
gence. Starting with all the variance in complex w&mmg mvuzm*
we should be able to remove that variance owing to domain-specific mate rials
and procedures. The residual variance in W, after removal of the variance
common to STM, should reflect the capacity for controlled proce
W residual should, therefore, strongly relate to the construct gen
intelligence, Thus, the line of logic is as follows: {a} complex span tasks of
working memory capacity reflect the construct short-term memory |
"i?%’%i%i‘iéi? f‘ﬁr’s?f{sii%ii attention; (b} the construct controlled attention has a
jonship with the construct general fluid intelligence; () there &
elationship between the construct short-term memory and the
t g&z@sfai fluid m%i%%gww Therefore, if, at the igiefzéna%%ékie fey

w

t commaon to the ¢ :
smory, we would expect the residual variance in we ‘sri«i%ﬂg men-
s 1 reflect controlled attention. This method of re noving com-

Several nther tasks were also used, including the ABCD and Continuous Ope

> . t istal, 19903, keeping frack task {(Ynt
te free feca
nd Quantitativ

, and the random g
ic Aptitude Test
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Figure 4.2, Path model with the variance common %f'; STM and WM removed as come-
d the ionships among the various constructs. The curved lines represent
n the construct gF and the ré:isééaa al for 5TM and WM.

tions betwee

mon variance to see what connections need to be there above and beyond the
common factor has been used by Salthouse and his colleagues very effectively
to demonstrate the variables important to cognitive declines that ocour with
aging (Salthouse, 1991}, The results of our common-factor analysis are shown
in Figure 4.2. The arrows leading to the rectangles reflect the residual vari-
ance, and the numbers associated with the arrows between rectangles and <ir-
cles reflect the standardized regression coefficient between the task frectangle)
and the latent variable. Solid lines reflect a significant link and dotted lines
reflect a nonsignificant link. The numbers associated with the two curved
lines reflect correlations between the residuals of the 8™ and WM latent
iahles after the variance common to the two latent variables is removed,
When the variance common to the §TM and WM latent variables is
%zzfssgd the correlation between the residual of WM and 55 which should
ct capacity for controlled attention, is sizable and hi g y significant. The
link between the §TM residual and gF, which should be en %3% error, was, in

fact, not significant. This finding Is even more impressive §§ we consider that,
despite %igﬁ fact that STM and WM latent variables are highly correlated, this
analysis shows them to be quite separable. Another note about the analysis is

that earlier we argued that even the §TM tasks would izsvaéz‘y with the WM
%%5 to the extent that contrelled processing was necessary. Thus, the anal
sis depicted in Figure 4.2 actually Is a conservative E”S{iif}aii of the correlation
hetween the construct for controlled attention and gf because the common
factor, which does also have 3 significant link to gF, removes the portion of
that variance common to the STM tasks.
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S in [TESS

ng Memory :

separable constructs, and ({In
STM and WM, the i
oretically be controlled attention, is hi

k between *?m resic

.m

%zsgs’g{};i to the i % s that the ém‘“ymag
important to higher-order functioning | ’s <0
As we said earlier, the reading span anc § op

and so should tap the subject’s capabilit j-; @ sustain, divic %,
tion %”zsi een these task components. One component can be %%w&
processing task, reading the sentence, or @%H@; the arithm
the other can be thought of as a storage task, recalling the grad

ening list of words or {iig%isr One possible alternative reason that §§%xa tasks
correlate with higher-order measures of cognition is that individuals differ in
skill on the processing component as a result of experience; this processing

efficiency fi’?%; up resources to be used to rehearse the items in the storage
task.? Engle, Cantor, and Carullo (1992) measured the time it took subjects to
perform the processing component of the reading span and operation span
tasks. They then used these times as measures of processing efficiency and/or
the extent to which subjects traded off time on the processing component for
time on the storage component. The processing-skill explanation of the rela-
tionship between WM measures and measures of higher-order cognition sug-
gests that when the measure of processing time i3 partialed out of the
relationship between complex span and reading ability, the correlation

should significantly decrease if not disappear. However, Engle et al. showed
that partialing out the processing-time measure led to ne decrease in the cor-
relation between span and the Verbal Scholastic Aptitude Test.

A study by Conway and Engle (19946) approached this same issue differ-
ently. Instead of statistically controlling for processing skill, thev attempted to
equate, across subjects, the processing demands of the span task. The logi
was quite simple. If the relationship between the WM meeasure and
comprehension is a result of trade-off between the processing ane %
components, then when the difficulty of the processing comp
equated, the correlation between the span measure and reading comprehen-
sion should disappear. On the other hand, if the correlation between the

isa i‘f‘ii%?i sf a €ﬂ§2§§‘£‘§§€§f§ att ez*-iémé Can ,’ i

izz i?g}ﬁ ;z%eé in ih operation xgézm

: ong a dimension of difficulty. The ;é test deter-
on the difficulty dimension at which each subject idi»%

5 the storage component even more ik

. Tuholski, Laug
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i ! e 3& for each ﬁz;%ﬂﬁé‘i; One ;i;i“iﬁi%ﬂ was
whether the correlation between %i}i operation span score iszsé eading com-
prehension would %;%%S&;}j{?fci; nce the procedure equated the processing skill
component. The second was whether the correlations i}%t the resulting
span scores and faii; g comprehension would differ as E;‘}s g}gé}iﬁssiﬁg com-
wonent of the span test Agmszd in difficulty from 753% to 95% accuracy, The
i was a resounding wo. The correlation between the
wlastic Aptitude test for the easy 95% condition was
R f % condition the correlation was .54, This compares
to a correlation Qg “? for the same sample of subjects on an operation span
test in which all subjects receive the same set of operations. Conway and
Engle also measured the time gach subject took to perform the operation-pro-
cessing component in the various tasks and statistically removed this solution
time from the aforementioned correlations. The effects were virtually identi-
cal, with a partial correlation of .60 for the easy condition and .52 for the dif-
ficult condition. Clearly, skill on the processing component had no bearing
on the significant and high correlation between this measure of working
memory capacity and a measure of reading ability,

These findings show, guite convincingly, that the correlation between
measures of working memory capacity and higher-order cognitive tasks is nof
a result of skill in the specific processing components of the Wi tasks. These
findings are hard to reconcile with the views of Ericsson and Delaney
{Chapter 8, this volume} and O'Reilly, Braver, and Cohen {(Chapter 11, this
volume) that individual differences in WM capacity represent differences in
skill resuiting from experience. The findings do support our view that the crit-
ical feature of the tasks accounting for the correlations with higher-order cog-
nition is some aspect of controlled attention, and that it represents a rather

abiding characteristic of the individual,
E‘yi have recently completed two longitudinal studies
that further support this conclusion, In one study, children were given a series
i WM tasks gsmi an age-appropriate lstening-c¢ =mgs ehension test at ages 3.5,
memory measures for each year predicted the subseguent

vith voung children

i3
4.5, and 5.5. 11
r's comprehension scores; however, the {‘:gm?;ﬁaame& scores for each

vear did nof predict the subseguent year's memory measures. Moreover, the
WM scores at age 3.5 accounted for 27.5% of the variance in comprehension
at 5.5. éiﬁssizzzg y, the WM scores were better predictors of comprehension
5.5 than at 3.5 or 4.5, suggesting that controlled attention is not as
important for comprehension at younger ages but becomes more important

by age 5.5,
A second longitudinal study investigated the relationship between work-
ing memory capacity and inhibition in children. Adele Diamond and her
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%mm%& the ch xiim
rated over the 16 tfrials, §£§
frontal lobes are thought to be completing
sion was that maturation of the frontal 1it
prepotent response and allow performance of the lower- %%;e%s;ﬂs response
ch é‘gi;ssﬁ were tested on me

armanoe %mg i‘i? aver

tudinal sty

jod

instead. In our second long
of WM capacit oop-like” test in which they were shown line draw
ings of a tradit
“dad” and a drawing of an adult male {pants, facial hair, etc) and asked t
call it "“mom.” !amzs:‘s ot the WM tasks measured at age 3.5 predicted F»%mng;
accuracy 2 vears later {(with correlations ranging from .34 to 40
given at the same age as the Stroop orrelated with Stroop from 33 to
.38, These studies suggest that relatiy {%}; ‘s§§§§§?§i measures, which we argue
reflect capacity for controlled attention, are valid measures for very :
children and that they reflect an abiding ability important to higher-leve

anda "St
onal mother {long skirt, hair in bun, etc) amnd asked 1o call

ty
J
H
i

I SCOTes

cognition.

Waorking Memory, General Fluid Intelligence,
and Controlied Attention

The behavioral evidence discussed thus far certainly suggests that individual
differences in working memory and in general fluid intelligence are signih-
cantly related to one another and that they probably do not depend on dif-
ferences in general knowledge or specific procedural skills. Our discussion of
tasks them-

i

latent-variable resulis and individual-differences work on ¥
sefves tentatively suggests that controlled attention capabilities
heart of individual differences in working memory capacity. We briefly v
some fi "%E;gz evidence below. We will th ocus our discussi
s from our lab that i*}a;n;ui} 5 together WM capacity,
1 controlied- {iii{’{ii’;{ 31 COnSructs,

F1 00 3 recent

sthe ion measures may be found
th perceptual and memory ﬁsgieﬁﬁfﬁa{* In perceptual inter-

typically must identify visual target stimuli that appear
visual distractors, In memory interference
e ?%Qi%ifiéé to recall some subset of previously presented infor-
arding similar prior information. In both classes of tasks,
: s;:%aésiza:ig directed toward some information sources
naly and away from others. In both classes of tasks, high-
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*'1 Shisler, &

on selective-atiention 535?5 involving memory distractio
erience more proactive and refroactive interference ti;a;‘;
+ & Engle, 1994; Kane & ‘Engle é%,?%?,;
ii}f tasks, where subjects generate exemplars from a aaif:
gory such as “animals,” low spans recall few &;%a;;}igrs compared to high
Spans. §§% is particula i‘gf true across long retrieval periods where competition
(distraction) from already-recalled, high-probability exemplars should be
high g?i?%i n & Pngle, 1997, Finally, performance on interference and atten-
tion-switching tasks is severely {Eiir*‘pifé by the imposition of a simultaneous
working memory *sz;aﬁ — that is, by a divided attention requirement (Engle et
at, ; 7 Engle, iééfi%;‘, Law, Morrin, & Pellegrino, 1995; Roberts,
Hager, & Heron, 'Q-?&%}

Furthermaore, peopte who differ in psychometric intelligence also show dif-
ferences in controlled attention capabilities that are similar to those seen
across subjects who differ in working memory. For example, correlations
between ¢F and controlled-visual-search tasks are high under variably mapped
conditions, where specific stimull may appear as targets or distractors across tri-
als and so antomaticity is unlikely to develop. Correlations between gF and
visual search are low, however, under consistently mapped conditions, where
imuli appear only as targets or as distractors, and so aufomaticity is

i

i3, i verbal fluen

spec

5t
likely to develop (e.g., Ackerman, 1988). Thus, performance under controfled
processing, as opposed to automatic processing, correlates with psychometric
oF. Furthermore, individuals with low scores on psychometric gF tests are
more disrupted §sx perceptual distractors than are those who score high on g#

§iis

ts fe.g., Blanco & Alvarez, 1994; Witkin & Goodenough, 1981} Low-gl
individuals have more difficulty initiating shifts of attention from one stimu-
lus location or modality to another when the shifting rules must be main-
tained in working memory {(e.g., Duncan, 1995; Duncan, Emslie, Williams,
fohnson, & Freer, 1996}, Finally, scores on tests of psychometric gF predict the
ability to a;ii%di‘ attention among simultaneous tasks or among competing

stimuli, with high-gF individuals being the more effective “timesharers” {e. g
fuy (0; Morrin, Law, & Pelie , 1994; Pellegrino, Hunt, & Yee, 1989;

poor working memory capabilities, and those of

igence, do indeed 5%{ similar patterns of perfor-

%% other. %‘Jééész éSE‘: demand that subjects selectively focus

attention a%zm%gi external or internal sources of distraction, or that subjects

shift attention according to memorized rules, or that m%};u s divide their

attention between different stimull or tasks, working memory capacity and
psvchometric gF scores are good predictors of performance.
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But do we have any direct support for this idea that capability for con-
trolled processing is the critical element common to the working memory
tasks, tests of general fluid intelligence, and tests of higher-order functions
such as reading comprehension? A recent set of studies performed by Tuholski
(1997) might provide that support. He used a speeded-counting task that,
though quite ancient (Jevons, 1871), was recently repopularized by Trick and
Pylyshyn (1993). The task requires the subject to simply count from 1 to n
presented objects as quickly as possible. The time to count objects is a nonlin-
ear function of the number of objects with the slope of the function nearly
flat over the first 3 to 4 objects but rising steeply from 4 to n. The argument is
that subjects retrieve the number of objects from 1 to 4 automatically (i.e.,
they subitize) and as a single pattern. However, counting the number of
objects of number 4 and higher requires controlled processing, hence the
steeper slope of the counting time function (Trick & Pylyshyn, 1993).
Tuholski reasoned that, if high and low working memory capacity subjects
differ in their capacity for controlled attention, that difference should be
reflected in the time to count from 4 to n objects but not in the time to
subitize from 1 to 4 objects. Further, if controlled attention is related to gen-
eral fluid intelligence, the slope of the counting function for more than 4
objects should correlate with a measure of gF. An independent prediction is
that high and low WM subjects might differ in the size of the pattern they
could subitize, with high spans possibly able to pick up a larger number of
objects in the initial encoding than are low WM subjects. If that were true,
then we should see the flat subitizing function extending over more targets
for high WM subjects than for low WM subjects.

Tuholski (1997) tested 60 subjects who had been previously tested on the
operation span task and the Cattell Culture Fair test. For the counting task, 1
to 12 vertical yellow bars were arranged randomly on a computer screen and
the subject counted them silently, as quickly as possible without sacrificing
accuracy, and then gave an oral response of the total, which activated a
speech trigger. The 15 subjects who scored in the upper quartile on the opera-
tion span task were selected as high WM subjects and the 15 scoring in the
bottom quartile were selected as the low WM subjects. The size of the subitiz-
ing range was determined by doing a series of incremental analyses that tested
linear and quadratic trends as the number of targets increased from 1 to n.
The subitizing span was indicated when the quadratic trend became signifi-
cant. Thus, if the quadratic trend was not significant over the range 1 to 3 but
was significant over the range 1 to 4, this indicated the subject had subitized
3 objects but not 4. This analysis showed that high WM subjects had a subitiz-
ing span of 3.35 and low WM subjects had a subitizing span of 3.25, quite
remarkably similar and refuting the possibility that high and low WM indi-
viduals differed in the size of the initial pattern they were able to perceive. As
shown in Figure 4.3, the slope over the subitizing range, presumed to reflect
automatic processing, was flat and not different for the two groups. However,
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Figure 4.3. Counting time as a function of number of targets in the Tuholski study.

high and low WM subjects did differ dramatically over the counting range
presumed to require controlled attention.

Tuholski then looked at correlations among the slope of counting time
over the range 4 to 12, the slope of the subitizing function, operation span,
and the Cattell Culture Fair test for all 60 subjects. First, the correlation
between operation span and Cattell was .52, a strong correlation between a
measure of working memory capacity and a nonverbal test of spatial reason-
ing and general fluid intelligence. The slope of the counting function corre-
lated with both operation span (-.32) and with the Cattell measure of gF
(-.26) but the subitizing slope correlated with neither.

Why do high and low WM subjects differ in counting time from 4 to 12?
What is it that requires controlled attention? We think that the difficult part
in counting beyond the subitizing range is keeping track of what you have
already counted and that high WM subjects are better able to keep active the
tags that indicate an object has been counted. In other words, this is another
example of a task that puts a premium on maintaining a representation in an
active and easily accessible state and individuals with greater capability for
controlled processing are better able to do that.

In a second study, Tuholski did a manipulation that should lead to con-
trolled counting even over the subitizing range. He included distractors that
either shared physical features (orientation or color) with the targets, the con-
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in these two

t b { rovided support for the idea that
controlied processing is one of the criticat ¢ “‘%‘i‘f’iii% of measures of working

memory capacity. The task used in these studies does not involve recall of
words or digits, and it does not involve reading or performing mathematical
operations. It iﬁ“f{}g?ﬂ% simple counting, one of the first procedures we learn as
children. Nevertheless, over the two studies, it took low WM subjects nearly
700 ms longer to count 12 oblects than it did high WM subjects! The results
also provide additional support for the idea that capability for controlled
attention is the important connection between working memuory capacity
and general fluid inteliigence,

Both the latent-variable study by Engle et al. (in pressy and the Tuholskd
{1997y studies with counting showed that measures of working memory
capacity, all based on processing and/or storage of verbal material, strongly
correlated with tests of spatial reasoning and general fluid intelligence, 71
findings support our argument that controlled attention capability, as

s

assessed by the measures of working memory capacity, is domain free and

general,

ng Memory, gF, and the “Front of the Mind”

d general %imd m%e&geﬁw. %%tgura— revie g it
let us first briefly note that %}%éﬁsgé{a% explanations of
3 s not necessitate genetic causes. bven the %3%{;&};3%&;%
sﬁ; e individual differences must % shaped by both envi-
¢ factors,
3 the research regarding working memory and con-
on has pointed to the prefrontal cortex (PFC), and more specifi-
i he PFC {areas 9, 10, and 46 of Brodmann
agues), as critical to many working memory

H

the dorsolateral regic

et iny hamans and ¢
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man prima
nitive testis
chinigues. %— i‘%} one of these methods
heterogencous ;Pgiﬁﬁ both
: d §i§§§{‘§i<}§§§ . Neverthele : believe that the confluence
rom the various methods g%?siud{* an mm;g 1 stary of working memory
) ?zsz%zi%mng (for recent reviews see Duncan, 1995; Goldman-Rakic,
ington, 1994; see also O'Reilly et al, Chapter 11, this volume}.
(periments that demonstrate the role of the PFC in work-
ong associated with tasks that require simultaneous (or
13 storage and processing of information. Next, we review findings
PEC iy ”gz’f‘lﬂijﬂi in more “classic” controlled-attention tasks,
e requiring the maintenance, focusing, or S%};i% ng of atiention.
consider evidence that the PFC is critical to tasks that most effec-
neval fluid intelligence or gi

v a

-

Waorking Memory and the PFC

With macaques, working memory research has focused on so-called delay
tasks (such as defayed response, delayed alternation, and delayed matching-to-sam-
pley. On each trial, a stimulus (an object or stimulus location) is briefly pre-
sented and is then removed from view for some delay duration. Following the
delay, the monkey must recognize the stimulus from among distractors. The
stimuli are typically chosen from a small pool and tested repeatedly across tri-
als, which would create a high potential for g}magms interference. Monkeys
with surgical lesions to dorsplateral PEC, or with temporary "lesions” from
cortical coofing or electrical stimulation, show chance levels of recall on these
delay tasks. Deterioration in performance is found even with delays of only a
few seconds (e.g., Fuster & Bauer, 1974; lacobsen, 1936; Mishkin & Pribram,
1955, 1956).

%gvsrag brain areas that are anatomically connected with the dorsolateral
also appear to be important to delay-task performance. For example,
sions to certain parietal, hippocampal, and subcortical regions produce
deficits that mirror those produced by PFC lesions {e.g., Koch & Fuster, 1989,
k’sfeg;s 1a & Goldman-Rakic, 1982, 1984; Watanabe & Niki, 1985). Such Andings

make sense, because these structures are significantly interconnec &'éj with the

PREC. Purther, as we argued above, there are no such 3 tasks as “pure” WM and
STM tasks and, thus, no i;;m;}%&% cognitive task is likely to ’ti% on a single
brain ion in isolation, Delay-task performance thus appears to involve

networks that operate together to retain information across

One might be wary of our reference to these delay tasks as working men-
ory tasks. After all, on the surface they appear to have more in common with
human short-term memory tasks, for they seem to require only infonmation
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: either by gﬁ;zf!;f%
between the subject and uif, by requiring sublec
fixed at a neutral location, or by requiring sublects to

toward a neutral stimulus. Thus, just as in span tasks inspired by the

and Hitch {1974) model, these delay tasks require subjects

uli to which they are only intermittently permitied to atten
This point is mac

¢ all the more clear by an experiment by
i? at demonstrated that macagues with large PFC lesions sﬁ{
feficits ondfy when the testing chamber remained mz;)hm
de

When the chamber was darkened igiii‘i’?;{ ?z%‘ lay $
tractions, no deficits were %‘w{% .t appears, that
maintaining the memorial activation s‘ nformation acress shifls in attention.

H

The delays used in human fffs%affk are typic §;V §= inger than those us
with nonhuman primates {Le, 10 to 20 53 Neve i?zf ess, humans with PFC
damage show more forgetting in delay tasks than do healthy s §§§{‘§L‘ZS OF Con-
trol patients with comparable damage to @i‘%ttﬂf; t brain areas (€ ; ;
Cole, 1966; Verin et al,, 1993}

Imaging studies with healthy human subjects indicate that wm‘k%z;g mernm-
ory tasks elicit significant increases in dorsolateral PFC activity compared to
non-working memory fasks. For example, in PET studies using short-term
memory tasks that merely require subjects to retain infoermation across short
delays, there is Himited evidence of frontal Iobe activation. Where activation
has been observed, it was not centered in the dorsolateral PFC, but in more
ventral areas such as Broca's area and/or in premotor cortex and supplemen-
tary motor area {e.g., Dupont et'al, 1993; Smith, Jonides, & Koeppe, 1996}

In contrast, other imaging studies that required subjects to refain informa-
tion across longer d&aaf% or to shift attention between storage and processing

functions, such as in the “N-back” task, did show PFC activation. In the i
back task subjects must monitor a long sequence of visual or auditory stimuli
andd continuously report the stimulus that occurred #1 (1 1o 3} stimuli ago in
the sequence. Such tasks clearly involve more information storage and pro-
~essing than do short-delay tasks, and so it is no surprise that significant dor-
solateral PFC activation is seen during the performance of these tas
i, 19941
, evidenice from a variety of tasks and subject populations clearly
at PFC lesions cause considerable difficulties on working memory
that PFC structures increase their activity while the subiject is per
orking memory tests but not during short-terin memory tests. The
ta suggest that the dorsolateral PFC, and regions to which it is net-
, are ﬁ‘%“?{%g: to working memory functions, that is in behavioral tasks

e re on of information across shifts of attention. Therefore, we
red ﬁé;ﬁ%%}é%f to contemplate the possibility that individual differ

Y
<
S5

Y

slex and multidimensional, and 3o it may be naive to p
iled essing is accomplis % d by a single brain reg
indeed the neuroscience of attention has suggested broad networks of cor

cal and subcortical regions that participate in various attentional §§i§§€iif}ﬂ€
{i’u;’ Pasner & Peterson, 19901, But, ih@zsgh current theories may not all agree
?a netion of the PFC, maost theories would suggest it has an inte-
rolled attention. Below we %}%z =fly review the empirical evi-
4 EE%’??EVE’S%%%’E% in maintenance, focusing, and shifting attention
which includes human studies using neuropsychological testing o

3 ng attention maintenance, experiments with brain-damaged
humans have shown that patients with PFC lesions show marked difficulty

with mz@i e tasks. On those tasks that require subjects 1o maintain atien-
tion to long series of stimuli while in search of rare targets, patients with PFC
damage nm% e targets and commit more false alarms than do control

in visual and dﬁa&’i‘ffv detection tasks with healthy humans, PFC areas iaif:;ng.,
with some parietal areas) show increased activation compared to baseline
conditions (Cohen et al., 1988; Pardo, Fox, & Raichle, 1991} Furthermore,
PEC activation changes are also seen during habituation. Here, one might
expect that if the PFC is critical to attention maintenance, then its role {and
hence its activation should decrease as a habituated context demands less
and less attention. ?5";53{5?{? this appears to be the case, Warach et al. (1992;
found decreased PEC {and inferior parietal} blood flow across three 14-min
rest periods in which iiéé testing context became less novel. No changes in
ident in temporal, occipital, or superior parletal areas
across these rest periods.

As in the working memory and intelligence §§§f3§3ﬁ§2‘£§ the PFC's selective

attention functions may be measured in perceptual and memory ;ﬁzer&zfe;ziﬁ

patients {e.g Qs%im“ﬁ{} & Denes, 1982; Wiltkins, Shallice, & McCarthy, 1987}

hinod flow were ev

tasks. In perceptual interference tasks, nonhuman primates with PFC fesions
clearly d %éﬂﬁﬁffdis increased ?iﬁ‘x ptual distractibility. They are often hyper-
active in bri '3§3§§§»“ 1it, but not in dimly lig, tmémﬁmgﬁéf‘s e.g., Isaac & DeVito,
1958 Settlage, Zable, & Harlow, 1948), and they have difficulty performing

previousiy | ;umm visual discrimination tasks when visual or auditory distrac-
tors are presented simultanecusly with the target stimuli {Grueniger &
Pribram, 1969},

Humans with PFC damage also show a heightened susceptibility to percep-
tual distractors, but it may only be evident when a simultaneous memory
foad is also imposed. For example, PFC damage réliably impairs performance
in the classic Stroop (1935) color-word interference task only in discrete-trial
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es of memory M%\ pati

subjects must rec A?E only the s*msi@% recent of a se

with PFC damage have difficulty
lesion patients recall fewer target words as the succe
they make more intrusion errors from prior lists than do controls {eg.,
Freedman & Cermak, 1986; Parkin, Leng, & Stanhope, 1988; Van der Linden,

maging data also point to the PFC as crucial

in limiting recal § to the target list. Frontal-

ssive lists proceed, and

Bruver, Holand, & Schils, 199311

to interference resistance, because dorsolateral and anterior PFC areas show
increased activity in healthy subjects when they attempt to recall wor
under high-interference conditions but not under low-interference con
tions (Uhl et al,, 1990; Uhl, Podreka, & Deecke, 1994},

Finally, increased interference susceptibility may be Inferred from the
formance of PFC-lesioned patients in verbal fluency tasks. When subjects are
asked to recall category exemplars for periods of longer than 5 min, patients
with PFC lesions recall fewer instances than do patients with nontrontal
fesions (e.g., Milner, 1964; Pendieton, Heaton, Lehman, & Hulthan, 1982;
Perret, 1974). The longer recall period likely places a premium on controlled,
effortful search and increases the interference from previously recalied %i{*mi
{Hosen & Engle, 1997). Additionally, imaging studies show significant left-PIt
Cuenod
1 recall

af:t%wﬁ(%s in healthy adults during long-duration fluency tests {e.g
et al., 1995; Frith, Friston, Liddie, & Frackowiak, 1991}, Howev |
{ii*i{égsﬂ are 2 min or less, recall can likely occur more on the basis 3 auto-

oF,

ctivation z;f on
e & Goul 2{2“;6’3 \38 %w 1969; Shalilce & %%ma;;
Research on attention shifting has also implicated the PFC in attentional

control, Some of the “evidence,” however, is based more in clinical folklore
than in fact, For exampl a the Wisconsin Card Sorting Test (Berg, 1948; Grant
& S?;? 1948 and the Trail Making Tests (Armitage, 1946) are two neuropsy-

chological fests that are widely beli eved to tap attentional- z%;%tf;ﬁ; capabilities
¢ sensitive to f ontal Iobe damage (for reviews see Reltan & Wolfson,
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1y others d wlerson,

) of the

%m};, %iii}%&j not ii: E}giSiﬁ'i on ii’%&iii“’% fi‘i}i f%éﬁag fests.
¢ is limited evidence from other tests that are conceptually
related 1o the Wisconsin Card Sorting Test that PFC damage impairs perfor-
1 must be shifted away from a §3;i,¥i£..si§3§y learned dis-
in favor of a new discrimination. These Andings suggest that
mzagéiw measures of attention shifting may be selectively sensitive to PIC
. Delis, Squire, Bilisle, & Massman, 1992; Harlow & Dagnon, 1943;
ywers, | iévm Polkey, Sahakian, & Robbins, 1991} In addition, an oral ver-
sion of ié}és ‘Trail Making Test, in which the subject must count aloud an alter-
nating progression of letters and numbers, and so must also muaintain the last
reported detters sind mmbers i working miemory, appears to discriminate PFC-
lesioned subjects from nonfrontal-lesioned subjects (Ricker, Axelrod, &
Floutler, 19961, Finally, tasks in which subjects must switch their visual atten-
tion from one spatial location to another on demand {and in opposition to a
salient cue} %sadim;e that patients with PFC damage perform more poorly
, PBuncan et al, 1996; Plerrot-

crimin

than do patients with nonfrontal damage {e.g
Deseitligny, Rivaud, Gaymard, & Agid, 1991).
A growing body of work using varied methodologies and subject popula-
tions thus supports the notion that the PFC is an important structure to the
functioning of attention. As inferred from patients with PFC damage, and
from imaging studies with healthy subjects, the PFC is an active participant in
attention maintenance, selection, and shifting. Again, it seems plausible that
individual differences in these attention functions among normal, healthy
individuals are mediated by individual differences in PFC functioning.

General Intelligence and the PFC
If working memory and controlled attention rely on intact PFC function-
re behavioral research we described earlier surely suggests that gen-
: gence should also depend heavily on PFC structures, Indeed,
patients with PFC damage show problems with complex, everyday cognitive
, Lezak, 1983; Luria, é%m, Shallice & Burgess, 1991} It may be
iiif;?z‘%‘in i;w that clinical and experimental reports indicate that PFC
injfury has little effect on intelligence as defined by conventional psychomet-
ric 103 tests {e.g., Ackerly, 1937; Hebb, 1945; Hebb & Penfield, 1940} Duncan
{1995} attempted to resolve this ;mmém& by arguing that broad 1Q test batter-
ies Assess o1y Sirigiif?aé knowledge as well as general fluld intelligence whereas
such as the Raven's Progressive Matrices or the Cattell
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patients were sig ﬁ%ﬁ nitly lower (by 23 to 60 poinis, or
than those of their controls. Fina aily, a group of 5 patie
tex damage, with significantly lower WAIS or WAIS-R scores than the ¢ E*s
sublect groups, showed 1Q patterns similar to those of the control w%}*i
Although these findings involved few subjects and therefore demand {g}iiijz,‘z—
tion, they do provide rather striking preliminary evidence that the PFCis sig-
nificantly involved in the performance of tasks that load higl §*; onto
psychometric gk

These clinical data are consistent with a recent imaging study with hesithy
adults (Prabhakaran, Smith, Desmond, Glover, & Gabrieli, 1997, see also
Risberg, Maximilian, & Prohovnik, 1977). Seven subjects solved Raven's
Progressive Matrices problems while z;zsiiﬁg{}mg} fMRI scans. Activation pat-
terns were compared across different subtypes of Raven’s problems: those that
required only figural reasoning and those that additionally required more
ahstract analytical reasoning. Figural reasoning activated the a,} dors
erai PFC {and some networked posterior areas). However, anaiytical reaso
a{?ﬁiif%%ﬁé dorsolateral PFC bilaterally (as well as other PFC areas and pos

as bilaterallyl. Thus, when the task required more general, %9.&3—3;}% aliz

?Sﬁiﬁﬁ%f‘zg, greater bilateral PFC activation was observed.

‘The intelligence findings reviewsd earlier, in concert wit % those concern-

is with gm%;u 0F C07

slat-

ing working memory/attention, then, converge to tell a istent story, The
PFC mray be the eritical brain structure medigting funclions o f, s 5 i gzwa:?;gzi dif-
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ividual differences in working memory, attention, and general intelli-
» from individual differences in PFC functioning? In this chapter we
3 {attonal and experimental studies indicating that working
memory arul general intelligence constructs are intimately linked ~ if not iso-
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We then reviewed neuropsychol
s memory, attention, and gF are &%% sit
Ez it is networked.

ing to conclude that

r regions to whi

i

individual differences in

tio intelligence are mediated
in PFC nma?;nsa ng or efficiency. We must be
Ve . absence of other supporting evidence, the
ai;e;; & e causes working memory/attention dysfunction does not
m;%mﬁ memory/attention dysfunction reflects PFC
es). This result could instead reflect the fact that the PIC
1 ected to other important processing regions. For example,
research with macagues shows that specific lesions to posterior or subcortical
brain areas to which the PFC is networked produce PFC-lesion-like syndromes
ii’; delay task performance. Likewise, human neuropsychological research
ndicates that ? wmage to some posterior brain areas {or widely diffuse brain
s:% mage} elicits PFC-lesion-like impairments on some working memory and
attention tasks. Finally, we know from human brain-imaging studies that
some posterior brain areas anatomically connected to the PFC are highly acti-
vated during the performance of working memory, attention, and psychome-
tric gF tasks.

Such findings do not rule out the importance of the PFC to working mem-
ory/attention and gF, or to individual and group differences therein. Rather,
the PFC is not uniguely important to these, or probably to any other func
tions, The PPC appears to be a niecessary brain structure in the emesgence of
working memory/attention behaviors, but is not the only important structure
for these functions (see also (VReilly et al,, Chapter 11, this volume). Thus,
individual or group differences that are observed in working memory/atien-
tion capabilities muy reflect specific differences in PFC functioning. But we
need 1o be cautious and point out the possibility that they reflect discrete dif-
ences in posterior cortical areas or, indeed, diffuse variations across many
ain regions. An interesting question for further research, then, is whether
é;;}agma techniques suggest individual differences in brain structure or vob
ume to be more ;};i;;é(éaﬁ{ef% in anterior than in posterior cortex. If there is
-ariation across frontal areas than across parietal or temporal areas, this

r support the notion that individual ié%f?{&ﬂfgs in workin
v and gF arise from individual variations in frontal |
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Ve >st that further behavioral work be aimed at the generality of
working memory and controlled attention. We find the evidence for a unitary
working memary/attention system to be compelling. We have reviewed find-
ings in which widely varying working memory and gF tests predict a broad
range of attentional capahilities and in which PFC lesions impalir performance
on a vast array of working memory and controlled-attention tests. We also
offer the following findings as further support for a unitary working mem-
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copttinned




Randall W. Engle, Michael |. Kane, and Stephen W. Tuholbski

Table 4.1, continued
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