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More Evidence for a General Capacity Theory

Andrew R.A. Conway
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itive relationship between comprehension and m res of
?;k?i;ifc;i}? zzfg;iiy remain ﬁ:x;iar, This s}&i%y}ss:s ﬁgm{: h?pﬂi?eiﬁﬁ for zhs
relationship by equating the difficulty, for 48 indzﬂéfsgi s‘gb}cﬁss Qg ;rﬁ)cazisg
demands in complex working memory tasks. Even with é:fﬁz:uk?’ o ;rmccrh z
equated, the relationship between number of saf‘afds mcs.i%:fi in ﬁf;‘}; wo ;;;
memory measure and comprehension remained high aﬂé g;gmi“i«::ani, = fgzﬁm
favour a genersl capacity view. We suggest that high wcszifgﬁg 5&8?&;;}!} giag
subjects have more limited-capacity atientional resources available 1o efz: %m
jow span subjects and that individual differsnces in working memory capaaity
have implications for any task that requires controlled effortful processng.

INTRODUCTION

In the two decades that have followed the seminal work @{ Baddeley and ﬂ:if:h
{1974), evidence supporting the reiationship between working m!eﬁzi}ry f:aizﬁm;y
and cognitive performance has steadily 366133?1331@{? {for a review, see sz%f,
1995). However, it remains unclear exactly w?&y‘xﬁas relationship e@;u‘z&bﬁ i
purpose of the current study is to test three competing }%ypt}gﬁcsas i?za{ afz ? Zd
proposed to account for the relationship between 'wa;k;;}g memory *:%‘g):ﬁ *;;k '
reading comprehension. As such, this introduction will proceed with a briel

review of the three competing hypotheses. 2 ‘ ,
scual- eeping schemes aclive EQuUIEs attentional

control or mental tss#rgy and that the amount of mental gevffzz or M»s?gg
increases developmentally as a result of biological or gpsggﬁ?:i;}gf;fcﬂiﬁ%; ase
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(1974) extended the idess of Pascual-Leone to suggest that differences in M-
space are responsible for individual as well as developmenial differences in
%‘:Ggmiiﬁi;z. Hs:awe»if:g he argued that increases in measured M-space do not fs;ﬁii
from an increase in attentional resources but as a result of & speed-up i1 mental
operations as they become more automatic. The attentional resources freed by
zhs:’ automatisation of mental operations can be used (o keep other schemes i the
active portion of memory. Although the Neo-Piagetian approach has been
fimarily used to understand the development of cognition, the ideas may also
be helpful in efforis 1o explain individua! differences at a given stage of
éﬁ?ﬂ{@?mc&i We have referred 1o thiz app osch to the relstionship betwesn
working memory capacity and higher-level cognition as the 2 processing
Ay pothEiT BEcauts Uhss 1385} viewed the operations ﬁia& become automatised
as general 0 a wide variety of tasks (Engle, Cantor, & Camrﬁ'gi 1992,

Haddel8V End Hiich (1974} argued that working memory is a complex system
aseé&beﬁi f{}r}h@ storage of information and for the computational processing of
that zxffﬁmzsﬂaﬂ, They proposed the central executive as a flexible but limited-
as;;scstjf work space. The central executive is used for both storage and
processing—consequently, when greater effort is required 1o process informa-
tion, less capacity remains for the storage of that information, They also
;rre;x;scé a variety of data representation systems including one for speech
?ﬂfﬂr{ﬁaﬁi}ﬂ called the articulatory loop and one for visual and spatial
;nf{;m{azicm called the visuo-spatial sketchpad. Both Case’s theory and Baddeley
and Hiich's theory propose s momeni-to-moment wade-off between resources
allocated for storage and resources allocated for processing,

Following the logic of Baddeley and Hitch (1974) and Case {1974}, Daneman
and Carpenter {1980, 1983} hypothesised that the correlation bciw&gn working
memory capacity and higher-level tasks like reading comprehension will onl
ocour if: the processing component of the working memory task ;s of the sami
type as ;s.rcqﬁireﬁ by the higher-level task. This would lead 1o the same type of
trade-off in the higher-level task as would oceur in the working msmﬂr;; ?t;siz
They ii&té‘ a measure of working memory that required both processing aﬁd
storage of information. Subjects read aloud sets of senitences and, at the end of a
3-7-sentence set, they were required to recall the last word of each sentence
i}ase;{;an and Carpenter (1980) hypothesised that the processing or matai
tﬁ??@fﬁéiéi‘}ﬁi required to read the sentences would vary in efficiency scross
ﬁéésff{%aais and that a reader with more efficient processes would have meré
wi&%mg memory capacity available for storage than would a reader with less
efficient processes. Thus, good readers should recall more of the last waﬁis than
poor ;g:ss @ef:aifsa' £ Have mRETInitmaiised reading operations. We
t RETTIIK specific hypothesis. Uaneman and Carpenter
{z?ﬁé;} found Thar T £f O words recalled in ke reading span measure of
*ﬁf{}ﬁiﬁg memory comrelated quite well with global measures of reading such as
the Verbal Scholastic Aptitude Test {VSAT) as well as with more molecular

et
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measures such as the ability to correctly attribute z delayed pronominal
reference.

Another possible explanation for the relationship between working memory
capacity and comprehension s that high span subjects simply have more
attentional resources fo draw on than low span subjects, independent of the task
involved, According to this view, which we call the general capacity kypothesis,
high w&kiﬂg;}asﬁﬁry Capacity hdividuals will have more attentional resources
to perform @ sk regardless of the specific nature of the task. Of course,
individualz will 5156 VEFV i efficiency of their mental operations in a specific
task, but, other things being equal, high working memory capacity individuals
will still have more attentional resources available to them than low working
memory capacity individuals. Thus, there should be a relationship between

working memory capacity and reading comprehension regardless of the specific
s necessary is that the

processing component of the span task. All that i

processing component of the
reading span task. Instead of having subjects read sentences, they had subjects
perform mathematical operations. In this “‘operation span task’”’, the subject
performs simple mathematical operations while maintaining words for later
recall. Each operation is presented with 2 word and after each set of operation-
word strings, the subject recalls the words. This task bears much surface
similarity to the reading span task except that, instead of reading, the subject
performs mathematical operations, Working memory capacity or operation span
is defined as the number of words the subject can recall while successfully
performing the mathematical problems. Turner and Engle (1989 found that
operation span correlated with VSAT as well as reading span. Furthermore,
operation span and reading span accounted for about the same variance in
comprehension. Engle, Cantor, and Carullo (1992) provided further support for
the general capacity hypothesis in a study in which they examined performance
on a moving window version of the operation and reading span tasks,

The task specific hypothesis, the general processing hypothesis, and the
general capacity hypothesis all predict a correlation between reading span and
YBAT. However, the hypotheses differ on two other predictions. First, the
general capacity and the general processing hypotheses predict that operation
span will also correlate with VSAT (Tumer & Engle, 1989). The task specific
hypothesis would not predict this correlation. Second, when viewing ime onthe
processing component of the span tasks is partialied out of the correlation
between span and VSAT, the general capacity view predicts that the correlation /
will remain significant. The task specific and general processing hypotheses 7
both predict that partialling oul viewing time would eliminate or diminish the
correlation between span and VSAT,

The results of Engle, Cantor, and Carvllo (1992) clearly supported the
general capacity hypothesis, Significant correlations were found between
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reading span, operation span, and VSAT. Furthermore, when viewing time was
partialled out of the correlation between span and YSAT, the correlation
remained significant. Therefore, while statistically controlling for the time spert
on the processing component of the span tasks, the storage component of the
span tasks stifl predicied comprehension ability, This clearly does not suppont
either the task specific hypothesis or the general processing hypothesis.

Our approach in the current study is similar o that of Engle, Cantor, and
Carullo (1992). However, instead of statistically controlling for processing
efficiency, we hoped to equate, across subjects, the processing demands of an
operation span task. The logic for the experiment is simple. If the relationship
between working memory span and comprehension is driven by the trade-off
between processing and storage, then equating the difficulty of the span task
should eliminate the relationship. In contrast, if the relationship between
working memory span and comprehension is driven by attentional resources
above and beyond the wade-off between processing and storsge, then equating
the difficulty of the span task should not affect the relationship,

In order to equate processing across subjects, we first determined each
subject’s capability on operations exactly like those used in the operation span
task. Therefore, we had subjects perform mathematical operations of varying
difficulty. From their performance on these operations, we designed three
operation span tasks in which the mathematical operations were ““tailored’’ to
the mathematical ability of the subject,

The three hypotheses outlined earlier make different predictions regarding
the correlations between our new operation span tasks and VSAT, The task
specific hypothesis would not predict a correlation between VSAT and our
operation span tasks with processing demand equated. This is because the view
srgues that individuals differ in span because of their differing ability to
perform the processing component of the task. Therefore, if each subject is at
the same point on the performance function for the processing component, the
individual differences in the span score should disappear and the relationship
between the span score and reading comprehension should disappear,
Similarly, the general processing hypothesis would predict the absence of
significant corvelations between VSAT and our new operation span tasks with
processing demand eguated, M because individual differences in span are.
argued to _result from individual differences in the amount of operation space

i

required by the processing Sorion of the task. Therefore, if pach subject uses
the same arfiount of operation space, they will each have the same amount of
gfé%ﬁéﬁ?%ﬁi}&%i%ﬁm&kﬁg&’ g Hindive-the sase-Lyo. visws SE6
general capacity hypothesis would still predict significant correlations between
1%’3“ and our new {};}cm 1asks with processing demand equated, This
is because the View arguesTharindividuats differ in the toial amount of
attentional resources available to them, Therefore, regardless of the demand of
the processing component of the task, individual differences in span will
remaln,
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METHOD

Subjects

~eight undergraduates from the University of South Carolina gaﬁia?a{t?d in
ii{::ﬁ;‘:;i%éﬁ wsg%a tesied individually in each of l?ié‘iﬁfﬁ? sessions, ?g@;f?
course credit for participation, and signed permission for access io t;r
Scholastic Aptitude Test (SAT) scores fﬁtim university ﬁi;:‘s; To ﬁﬁi;ﬁ!@rf wide
range of comprehension skill, we chose subjects based on their ‘sfﬁrtsai SA , sg;:;
We specified five VBAT intervals; 200-340, 350440, 45;&5&%3; ii&éi{?: "
6530-800; and chose 6, 12, 12, 12, and 6 subjects from each interval, respectively.

Materials

All the tasks reported here were conducied using an 1BM P52 computer and a 3;{33\;
monitor. The original operation span task was §mgramm£§; using Turbo Pa%z:a
software, The mathematical operations and the new operstion S?éﬁ fgsks v;c;r:
programmed using Micro Experimental Laboraiory (MEL) software (Schneider, 1948},

Procedurs

Each subject participated in three experimental sessions. In the first session ﬁ;e
subject performed the original operation span task and 2 ba'f:kwaré letter task,
both of which are normally administered to hundreds of subjects each semester
in our lab. The backward letter task is not 1otally germane 10 the current pr{;b%@m
but the results are presented for completeness. In the ss:e?mi session the sa;b;eii
performed a series of mathematical operations 1o determine the points at sfﬁm :
they would achicve approximately 73%, 85%, and E?'i% BUCUFACY. ’ihfe series 0

f}p;raﬁﬁns was designed as a hiersrchy in terms of d;fﬁ‘cuhyi Inthe tﬁigré s&iSSf@rz
the subject performed three new operation span tasks in which the ﬂifﬁﬁ’& ty ﬁ;
the mathematical operations was manipulated to conform to the levels o

difficulty ascertained in the second session,

Original Operation Span Task.  This task was ﬁisq:;ame ﬂpefafigﬁ span i;zii;
previcusly used in our lab (Conway & Engle, 1994), Fi:jr each subject, a ?@@;
66 mathematical operations was randomly paired with a pool :tsf 66 1o- ;i
remembered words {taken from LaPointe & Ez?gég, 39%; ?!iﬁ{ig %?;e ia&Da
subjects were presented with operation-word ii;’iﬁgﬁ;iﬁ,g. { Sz~’:1}+2x<§ 7 Bij; .
Each operation required the subject to multiply or §§$;és two iniegers and ;{;%
add or subtract a third integer, ie. (B4} +2=4. The mzagzzig rapgeéfrsmi iii o

The subject was to read the operation aloud, say “'yes” or “'no’’, to ;ﬁéggazeg
if the number o the right of the equal sign was the correct answer, %iﬁﬁ Lve'a ';a}
the word sloud. After the subject said the word, the experimenter ifﬁjrseé;azf:h
pressed g key, and another operation—word string was presented. This gsaces;
continued until a question mark cued the subject 10 write {?fé sﬁ-be»ge§§§m§er§
words, in order, on a response sheet. The number of operation~word strings per
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series varied from two to six. Three series of each length were parformed, and
the order of series length was randomised. The first three series, sach of length
2, served as practice. A subject’s span score was the sum of the correctly
recalled words for trials that were perfectly recalled in comect order. For
example, if & subject recalled all the series of length 2 in correct order and one of
the series of length 3 in correct order, their span score would be 9 2+2+2+3).
This score was originally reported by Tumer and Engle {1989}, and consistently
correlates with VSAT (Cantor & Engle, 1993; Cantor, Engle, & Hamilton, 1991
Engle, Cantor, & Carullo, 1992; Engle, Nations, & Cantor, 1990; LaPointe &
Engle, 1990). Bach subject’s accuracy on the operations was also recorded, If
accuracy was below 85%, the subject was not used in the experiment,

Backward Letter Task. The backward letter task consisted of auditory
presentation of sirings of random letters, chosen from the pool of all consonants
except w. The letters were recorded in 2 female voice at a rate of one letter per
second and the word “*recall”” was spoken in the same voice after the last fetter,
The lists of letters varied in length from two to eight, with three trials at each
length. The subject was required (o wrile the list in the reverse order on an answer
sheet. If a subject could not recall a letter, they were to leave a blank space for that
letter. The same scoring procedure was used as with the operation span tasks,

Mathematical Operations. The purpose of this session was to determine
each subject’s performance on mathematical operations of varying difficulty
{sce Table 1}, The subject’s performance during this session determined the
operations 10 be used in the subsequent operation span tasks. Before performing
the mathematical operations, the subject was given “number recognition”” trials

20 of these wials, :
Each subject then performed 375 operations in 25 blocks of 15 mials. Each
biock contained one operation from each of the 15 types of mathematical

operations selected in a pilot study’. The order of presentation of the 15 types
within a block was random,

P A pilot sisdy with sposoxi 100 sublects was conducted to select the mathematical
operations used in sessions 2 and 3, A serfes of 20 types of operations that we intuited to range in
difficulty from very Sa5Y 10 very difficult were used, Each subject received 15 operations of each of
the 20 types 81 8 rate of thres seconds per operstion. The subject was to type the correct digit sohaion
0 the operation within the three-second period or the item was countsd 3 an ervor. The pilot study
verified the intuitive order of difficulty of the operstions but found that five of the types of operations
were sither too difficult for our subjects o solve in three seconds or were indiscriminable from other
1ypes of operstions. This lef 2 series of 15 types of mathematical operations that ranged in difficulty

from 24 5= 0 (224 34) T =" These types of operations were ysed in the study reported here
and are shown in Table 1,

WORKING MEMORY CAPACITY  5B3

TABLE 1 )

Types of Mathematics! Operations Used
Form a B
fg+b} R{LYY B{L® -
{a~b} R{L.% ﬁ{iﬁ? L9
{g+bdc) R} R{LS I
{(8~b~c} R{L2D} §(§*2§? g
{a-b-c} R20,50) R.(i,gi@i 001058 4
(a-5 B (31,99 Biz/io ,§§’35 e i0e9)
{25} [ R{a/I0*10+ 1, (a/10-13%10+9 _
{2/b} BERIZY R{E;? RCL1Y
{a+b-0} R{LY E{ig,}g R
{2/%} LER9 2{3,1 } .
{(g+b-c} RIS R{}L;?} A
{8*bi-2 Ri{2.5 R{Z.6) g;‘*& 3,2@
{(a* B¢ R R{?g i1 R s
A R R
{a+bifc ternp-b 2.

ngw mpze‘:*giz,?}

’ ible sod . The
§ { pousible integer values for a, b,
the operation is followsd by the range o . : b
ﬁ’f?ﬂ ;:?i Zf mé?:m chosen such that the answer of the operation would &: a5 aﬁ;g:x;z:g:
; :;?9 Fsrm;zim of the last operation type sted in the Table, {;+§}i¢, mzqa;tmd;ﬂ ‘g i that
firgt aséigmd 3 value 1o ¢ [R{2,9]], then 8 temporwry value 1o :}i; R2.9L
[R(2,2}], and then 3 final vajue for a {a-b}, based on the value of b,

( =1 the
tion appeared on the computer screen (ts‘g. 2+3=7) a:zé‘ :
ssb?eiiiggk was z}iﬁtcr the answer using the numeric keyf;;;ﬁ on ﬁé;:fﬁif
hand side of the keyboard within three seconds cf, the onset (;;d i Zi‘:gmg %ﬁé
the subject did not respond in three seconds, the trial was scored as
ﬂgﬁﬂ::;ezisf :f::‘;y was recorded by the computer. If the ’Eii%jg{;i m;i
fewer than three errors (92% accuracy or ?et%ef} on an G?e;m*mih??iasyﬁ
operation type was designated as the operation type o0 be;sg ;zi he easy
span task for that subject. If the subject maéi: thres, {:mr: o gﬂ "
{%;tw&n B0% and 88% accuracy} on an ﬁpﬁiﬁ{i{}ﬁ iy;f, fg‘e éﬁf&;c;? isiz
ot oo, I the suecs made s, scvem, of cght erors (hetween 65%
f{};igzi;ufj:g;i}ii §§ jz:ifiiga type, that operation type was é{?sigﬂ:ﬁ?{i
x the operation gy;:ﬁe to be used in the “*difficolt” span task for that xgége;{c
gmﬁm i;as} one operation type gualified for use in the sgaﬁ;iasksgi&! g;ﬁ
subject responded at 100% accuracy on more than one sg}zfaﬁfgi zig; ! 35
the operation type defined as more difficult by the pilot study was ;igﬁe{j
the operation i;;:c to be used in the span task. If no operation tygitqz ified
for either the easy, moderate, or difficult span task then the subject did nc

participate in the study.
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Operation Span Tasks with Maths Difficulty Manipulated and ¢, onirofled for
Eack Subject. Fach subject performed three operation span tasks: easy,
moderate, and difficslt, The procedure for each span task was exacily the same
as the procedure for the original operation span task {described earlier). The only
difference between the tasks was the type of mathematical operations used. For
the “'easy”” span task, the subject received the operation type on which he or she
made fewer than three errors in the previous session. For the “*moderate’” span
task, the subject received the operation type on which he or she made three, four,
or five errors in the previous session, For the *‘difficult’’ span task, the subject
received the operation type on which he or she made six, seven, or eight errors in
the previous session. The order of the three tasks was counterbalanced BCTDSS
subjects within each VSAT range.

Three pools of 65 high-frequency concrete nouns (taken from Carrol, Davies,
& Richman, 1571) were randomised for the easy, moderats, and difficult span
tasks. Therefore, an individual subject received different words for the easy,
moderate, and difficuls span tasks, but the same words and the same order of
words were used for each subject,

In addition 10 obtaining each subject’s span score, we recorded the time the
subject spent reading the operation and word. This “viewing time’* began when
the experimenter pressed & key 1o present the operation-word pair and ended
when the experimenter pressed a key indicating the subject had finished reading
the operation-word pair, which led to the presentation of the next operation—
word pair. During this time, the subject was to read the mathematical operation
aloud, say “‘yes” or “no"’ 1o indicate whather the given answer was correct or
incorrect, and say the word,

RESULTS

Descriptive statistics for the dependent measures of Breatest interest are reported

n Table 2. As can be seen, error rates were relatively low and varied only
slightly as a function of difficulty, This was supported by a one-way repeated
measures ANOVA on ervor rate. The main effect for difficuity was marginally
significant, F(2,90)=2.87, P=006, M5, =431, Simple comparisons showed
that significantly fewer errors were made in the easy span task (M = 1.06) than in
the difficult span task, (M =2.02) F(1,45)=8.02, P<00I. No other simple
comparisons were significant,

n the difficult span task than in the moderate span task, and faster in the easy
span task than in the moderate span task. This was supported by a one way
fepeated measures ANOVA on viewing time®. The main effect for difficulty was
significant, F(2,90)=19.36, P« 0.01, M3, =307.472 and pair-wise comparisons

¥ The viewing time dals for two subjects were not recorded because of & computer eror. One
subject was from the £50-800 VSAT fange and the other was from the SHL-640 YSAT range,

ERE R ——

Our manipulation of difficulty was successful because subjects were slower

.

PR
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TABLE Z
Desrriptive Statistics
Span Viewing Time Error Rate

4 3 4 106 {220
: 19.65 (10.2%) 3071 (866 {
™ 18,38 {11.34) 3348 (112D 131 {3.31%}
izz:f IR0 (12.45) s (943 202 {2.2%;
Original 13237 (70
Backward Leuey 3502 (1405
VEAT 50290 (11640

ean and {standard deviation). The span and backward letier measures are e sam.ef ih; grﬁiz
3 = = 3
Mﬁeﬁ itemns for wiale that were perfectly recalled in comect onder. The viewing time
recal

milliseconds and the error mate dats are proportions.

showed that all levels of difficulty significantly differed from one another {(for
013 ) ‘ !
ﬂL’ii: iaxﬁixr of words recalled in the operation span task did :;i xagsigz
i i -way repeated meas
i f difficuity, This was supported by z one-w A measi
Ai};iéf’i zn ﬁ;craﬁzs span. The main effect for difficulty was not significant,
S0y<l, M5, =27.85. , ‘
FQW: caizuia;ad reliability measures for our 03‘1’:?3{%&1’{ span taiiis w;;z
ms&amaﬁgg} difficulty manipulated. In each of ﬂﬁfé@gmﬂg z;pa;écs v;ﬁ&}
j i ies of operation—word pairs. The :
subject was presented with 15 series o . pairs, These series varied
i m two 1o six operation-word pairs per seri ¥ !
m:iiji?ag length, 2, 3, 4, 5, and 6. Therefore, for each i}ixfraixm span s:askg %z
Z?aisaist&d three submeasures, each derived from five G?cr;itzsgwward ?ag:d ii:;i
: / h's alpha for the easy, m .
2,3,4, 5, and 6, We calculated Cronbac 5
z;:iggig;;caii span tasks based on these submeasures, Cronbach siz’f;;;ha for the
easy, moderate, and difficult tasks is 0.80, 0.84, aaai 0.84 mﬁgef;i;;ig,iﬁ Table
iéxcmﬂmiszisﬁg among the span measures and \‘S;AT f;‘?f;zpzﬁ 000
f the correlations in the Table are significant ( . 0
i%r:;ﬁ{;nge on the original operation span fask catéia{e? h;gﬁiﬁ;g; ih
ks in which we manipulated mathematical di ulty.
performance on the span tas ’ e 10 b bty
i between the new span
Also, we found the intercorrelations w ks « ‘ ’
; izfi?:aﬁt Most importantly, afl of the span tasks; §ﬁgiﬁ§i, easy, m}%{:?}:ﬁ;&;ﬁg
§§ﬁt§i§§‘ significantly correlate with 358;%’?: ’5‘%:33 Sﬁgssgis 2?&5 in {};g;ggﬁg
éiffﬁseﬁ;es in span are not accounted for by differing ability on the g}f 55 ﬁ
component of complex span tasks, such as operation span. These resy ;s §g§§§@§ "
the gemeral capacity hypothesis and fail to support both the task specific

hypothesis and the general processing hypothesis.

Regression analyses

ari : e all
Although the intercorrelations among the various span mgasgri;i; a
;sagiéﬁrabit and significant, we can ask whether the measures acco )
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z ) TABLE 3
nercorrsistions Between Spsn Tesks and VSAT
Vsar i
Origingi Eary . Maderase Difficulr
Original 0.39
Easy .62 .54
Moderate .49 058 .69
Difficuls 8,34 .68 GV?E
Backward Lester (.44 .41 i})}} gfg
, 2 837

common vari in ¥

common. j;:ﬁ;:g; Sf‘ ’i?’;gma are several ways we can converge on an

cterming the pehicst ;; o ne Wway is 10 use a forward selection procedure o

& thows the e mount w variance t%zj: measures account for in VSAT. Table
of the forward ftg}gsgsaa procedure. The easy operation span

measure, the easy operation spazn.

Viewing Time

m&;m{i;iz;ige %iiefi';cz the efficiency of processing for an individual in
o e i);x:rﬁiiﬁ!ﬁ played any role in the relationship between the numbe
recalled and the Verbal SAT, we calculated partial £Sﬁ”£:§&iiﬁ%’i:

é:{z?j}g ;égﬂ%ﬁz:‘%i when viewing time is partialied out {for all, P <00}
- é?, e szgmfisa@ﬂi correlations betwesn the span tasks and ‘38}{1‘ arc ,
0 the amount of time required to process the operation-word pair s

) TABLE 4
Resultz of Ragression Anslysas of Variancs In VEAT
Variahle Partial 87 Model B? F ?
Forward Selection Results '
Easy 5,33 g
8y . .33
Ori gf;séz 8,10 G.43 2‘;‘24 000
?iﬁ;%’%‘é letier 0.03 0 :ié ™ ore
f{s;t*;ﬁg 0.01 i}é’ ??g 03
Difficult a0t .48 QM‘Q g:?

T o
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TABLES
Corrslations Bstwaen VSAT and Spen Tasks Befors sand After Partisliing Out
Yiewing Tima
Criginal Easy Moderate Difficul
VEAT (before} 0.59 062 0.49 0.34
VIAT (zhier) s 860 0.48 652
DISCUSSION

The purpose of this study was to investigate the relationship between working
memory capacity and reading comprehension, and to provide a test of three
competing hypotheses proposed to account for this relationship. We used the
operation span task because it was possible to systematically vary the difficulty
of the processing component of the task. We equated the processing demand of
the operation span task across subjects and systematically manipulated the level
of difficulty across three conditions. The correlations between these three
conditions and reading comprehension, as operationalised by VSAT, ranged
from 0.49 10 0.62 and did not differ statistically from the original version of the
operation span which correlated 0.59 with VSAT——for all pair-wise compar-
isons, {45} < 1.43, P> 0.10. Further, these correlations were undiminished when
we partialled out the time that subjects spent viewing the operation-word string.
The general capacity hypothesis can explain these results but the task specific
and general processing hypotheses cannot.

The general capacity model of working memory was first proposed by Engle,
Cantor, and Carullo (1992). The model assumed that working memory consists
of knowledge units i long-term declarative memory which are currently active
beyond some critical threshold. The model al56 assumed that knowledge units
vary in their level of activation and that the total amount of activation available
to the system is limited. The total amount of activation available to each
individual varies, and i1 is this variance that causes individual differences in
working memory capacity. Cantor and Engle (1993) provided support for the
general capacity mode] by reporting that the amount of activation available to
long-term memory, as measured by the fact retrieval task {Anderson, 1974},
statistically sccounted for the correlation between operation span and V5AT,

A recent study conducted in our Isb (Conway & Engle, 1994), however, has
convinced us that it is not sufficient 1o simply say that high- and low-span
subjects differ in the total amount of activation available to them. A further
qualification for the general capacity model is that individual differences will

only reveal Themselves in tasks that force the subject to engage in controlled
effortful_processing, Tf The Task allows for automatic processing, then the

limited-capacity resource we call working memory will not be taxed. Indeed,
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Conway and Engle (1994 ;

- ; ; } found that individual differences i

ngifag;f were important :éﬁ a memory search fask z%z:: ;Ziﬁgg memory

i;ggijj;?g? bt Wa}:ﬁ Bol upportant in & memory search task thas agm,m}ggé
gtomatic processing. Thus, we now believe that individual éiffgfsm:: : j;

complex WM meas i
Swex WM_mes ;f:;ﬁ é:iesmﬁé to differences in general, controlled,
The question remains, why do we find that operatio
! : " . e

i;i%;g ;:;gz;i z;iaﬁsmg demand of the task is g;;a&é fiiazsfff:giifg

operae m:ﬂgg;; ré:gﬁrdigss of .&ﬁ demand of the processing {:ﬁm;x;ﬁza:

requires s;g;;}*gég ' :5 {ss&;{cb attention constantly from one aspect of the iasizb £{:§

o rsodects must ;se{fﬁfs; 8 métﬁemaﬁeﬁ operation and then encode s

o ertomm & gﬂmaﬁe&i ﬁ;}eraifsﬂ, and encode 8 word, and so on il
recall the words. This type of agtention switching mqgir;;lgg;

_processing. We agree with Baddeley

: ‘ -arpenter (1980, i
processing and storage is necessary for & span ask (ii} Ixi :?;:i {:iifai &?h
: of a

central executi i i

et égmaﬁﬁﬁ {j;c;}; i{ W{sﬁimg memory capacity. However, we argue that it is not
mple eximore g}mz:csﬁ;ag component that is critical. We argue that th
smple ; f;g Of & processing component beyond the storage com i
o ?:j;ﬁm for a span task 10 be a good measure of working memo?meﬁi P
mm;}é}g ﬁ;::;zr é}; more complex cognitive behaviour, such as ?;:éjd .
S §;! . course, thc processing component has to be éemaﬁdfﬁg
St orces the subject to shift sttention away from the st g
fompenen ¢ ¢ task and to engage in controlied effortful processin SS pport
oy s ég ment comes from our finding that viewing time was fg’ ion of
ovel ;ca& ifficulty but the number of words recalled was not Sjb‘ﬁfsagﬁ o
o :;,gg ;:e {};ﬁ?ﬁﬁéﬁ;@ﬁggf processing the operstion-word ;)airi in iée éii‘:iifi
task was not siai&siifzag;i};gﬁﬁ??? ;hyi? ot ot e arsords recalled n cach
o es al . ¢ cemand of the processing com

fhe sk ;?i f;:g:iii? jiﬁ:ﬁmzﬁi of span, then we should iave fiiigﬁai;f

' : ; unction of the level of i
iiﬁ:;;j;zihﬁg?ﬁﬁ; ;f astiention switching is the critical é:iemﬁiiﬁé?s?i o
. then level of difficulty wi s
e en fevel o y will not have an effect on the number of words
Towse and Himh (1995 A
: nd Hite recently reported evidence i
iiﬁ;;iéﬁ:»&%;}iﬁ%ﬁg nterpretation of developmental diffamai‘: ;EF??; o
&%{g g@g:;zzi§ {;i}ss} 2&: ?33%}: independently manipulated €€}§!S§i§§ fii?;;?
e ounting §§ §§:§ " :gzﬂﬁngfsgaa task and found that difficulty did m}}{
hav me of counting was controlled /
pove | : ed. They ar v
pave. i’i gﬁﬁfm&z}ge on span tasks such as reading span, cgerﬁ%ga«izi;is o
i g ;;;azz is not é;}:i*i?:f’i by a trade-off between resources aﬁf:x:aiﬁga&
ﬁ;gz ;E,g § and storage. Their view differs from ours however, in that they N
ming of the processing component of the task is critical t:;a;g}:;
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. according to their view, span performance is driven by the

performance. Thus
the storage component. The attention-switch iself is not

time spent away from
critical; the time betwesn successive switches is.
Our data do not support their view. We found that viewing time was 2

function of level of difficulty, but the number of words recalled was not. That is,
subjects spent Jonger on the processing component in the difficult span task than
in the easy span task, yet the number of words recalled in the two tasks was not
statistically different. Furthermore, when we partiailed viewing time out of the
correlations between span and VSAT, the correlations remained virtually
unchanged. Thus, we argue that the critical component of the task is the
attention-switch itself, not the trade-off in resources, and not the ume spent
processing.
One potential problem with our procedure is that the mathematical ability of
each subject was tested under strict time constraint whereas the operation span
task is subject-paced. In the mathematical operations session, the subject was
only allowed three seconds to answer each mathematical operation. In the
subsequent operation span tasks, the subject read the operation aloud at his or
her own pace, One may argue that the nature of the processing underlying these
1wo tasks is quite different due to the differing time constraints. However, before
the operation span tasks, we encouraged our subjects to perform the operations
as quickly as possible without sacrificing accuracy. Also, if the subject appeared
to be performing the operations slowly in the operation span tasks, the
experimenter encouraged them to perform the operations more quickly.
Therefore, we do not feel that this difference in procedure contaminated the
putcome of the experiment.
iIn conclusion, we argue that working memory is a very general resource
which plays a role in a wide variety of cognitive tasks, Furthermore, we hope the
current article makes the point that it is not sufficient simply to identify a
relationship between working memory and some aspect of cognition. We must
go beyond the identification of the relationship and investigate exacily why the
relationship occurs. Only then will we be able to undersiand fully the role of
working memory in normal human information processing.
Manuscript received 29 August 1995
Manuscript sccepted 8 January 1996
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