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The Complex Span paradigm is one of the most influential and widely used instruments for measuring working
memory capacity (WMC). We report the results of four experiments designed to explore the feasibility of obtaining
valid estimates of WMC online. We explored the relationships between the Complex Span tasks and fluid intelli-
gence (gF) in the lab and on the web using a new platform called the Online Working Memory Lab (the OWL).
The OWL is universally accessible across all computer operating systems and functions in both local and remote
contexts, allowing researchers to sample more diverse subjects from practically anywhere. Experiments 1 and 2
showed that the Complex Span failed to predict gF when the to-be-remembered stimuli were letters and the tests
were taken online. We increased the predictive validity of the test battery in Experiments 3 and 4 by replacing the
letters with memory stimuli that were more difficult to write down in an unproctored setting. This work describes
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our most recent attempts to measure working memory capacity in the wild.
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In short, researchers have found that individual differences in
Keywords: Online testing, Working memory capacity, F

Psychometric and individual differences research on the con-
truct of working memory capacity (WMC) has exploded since
he late 90s when Engle and colleagues found that it predicted
uid intelligence above and beyond short-term memory (Engle,
uholski, Laughlin, & Conway, 1999). Since then, large-scale
tudies examining the latent correlation between these two con-
tructs have repeatedly demonstrated that WMC is the single
est predictor of fluid intelligence (Oberauer et al., 2007).

Different research teams have various theoretical accounts
f what cognitive mechanisms are responsible for the domain-
eneral nature of WMC in higher-order cognition. Some
esearchers have emphasized the importance of short-term mem-
ry limitations (Cowan, 2010), while others have concentrated
heir research toward understanding the relationship between
nhibition and WMC (Hasher et al., 2007). The theory put
orward by Engle and colleagues has a primary focus on the
mportance of attention control and the ability to avoid interfer-
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016

nce, while remaining vigilant and proactive when engaging in
oal-relevant behavior.
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In line with the attention theory put forward by Engle
nd colleagues, researchers have also found that the Complex
pan tasks are powerful predictors of controlled attention. For

nstance, measures of the Complex Span predict the subjects’
bility to look away from an attention orienting stimulus in
he anti-saccade task (Kane, Bleckley, Conway, & Engle, 2001;
nsworth, Schrock, & Engle, 2004), the ability to inhibit auto-
atic processing in the Stroop task (Kane & Engle, 2003), and

he ability to focus their attention like a spotlight when taking the
anker (Heitz & Engle, 2007). Measures of Complex Span pre-
ict individual differences in reading comprehension, scholastic
erformance, note-taking, and the ability to follow instructions.
hese measures also predict the ability to focus attention and
revent mind-wandering when it becomes disruptive to perfor-
ance (Kane et al., 2007; Kane & Engle, 2003; Kane & McVay,

012).
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010
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MC are reliable across the lifespan, and in many ways mimic
he same pattern of results found for fluid intelligence, but not
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ARTICLE
MEASURING WORKING ME

lways. For instance, Hambrick et al. (2010) found that the Com-
lex Span predicted individual differences in multi-tasking even
fter controlling for fluid intelligence. Whereas fluid intelligence
equires each test item to be novel to the subject, individual
ifferences on measures of the Complex Span persist, even
fter multiple exposures. For most tests, a situation in which
n answer key or some other test material is stolen or leaked, the
est is likely to be completely compromised and no longer valid.
his same situation would have very little impact on subjects’
erformance on the Complex Span as long as the stimuli are
andomized. The inherent nature of the WMC tests make them
esilient instruments of individual differences and may turn out
o be more culture fair than measures of fluid intelligence alto-
ether. A recent investigation by Bosco et al. (2015) revealed a
ubstantial difference in how well tests of intelligence properly
lassify white subjects versus black subjects. Although this find-
ng was not new in relation to tests of intelligence, the finding
hat measures of attention and WMC demonstrated nearly three
imes less adverse impact than traditional tests of fluid intelli-
ence highlight the social and political advantages of using the
ost culture-fair measure of the subject’s cognitive ability.
Researchers have also found individual differences in WMC

mong experts. For instance, Lopez et al. (2012) conducted
 study in which highly experienced pilots were subjected
o 35 h of sleep deprivation. The results showed that the
peration Span accounted for 42% of the errors made by

xpert pilots on an advanced flight simulator. Meinz and
ambrick (2010) found a similar pattern of data for expert
ianists. When subjects were asked to sight-read a new piece
f music, individual differences in WMC were predictive of
heir performance, above and beyond the number of hours
racticed.

raditional  Experimentation  With  the  Complex  Span
aradigm

Our lab has spent a considerable amount of time developing
easures of the Complex Span and making them freely available

o other researchers. Over the years, these tasks have been down-
oaded by over 1000 research teams and translated into more than
0 languages. The majority of the Complex Span tasks we have
ritten are programmed in the E-Prime framework, although

ome have been written with other experiment-development
ackages such as Inquisit and MEL.

General  Method

verview

Recently, our lab developed an online battery of Complex
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016

pan tasks called the Online Working Memory Lab (the OWL),
hich is capable of both laboratory and network deployment.
he OWL is accessible on Mac/Linux/and the Windows operat-

ng system. In fact, tasks included in the OWL can be accessed
y any device with a web browser (such as Android, iPhone,
nd the iPad). The following experiments lay out our most
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ecent attempts to measure working memory capacity in the
ild.

aterials  and  Procedures

The first iteration of the OWL consisted of four Complex
pan tasks: Operation Span, Reading Span, Symmetry Span,
nd the Running Span. We assessed the construct validity of
he OWL by examining the correlations among the WMC and
uid intelligence (gF) measures performed in the laboratory,
nder the supervision of a proctor, compared to subjects’ per-
ormance on the web. Descriptions of each task can be found
elow.

The Automated  Operation  Span  (Unsworth, Heitz,
chrock, & Engle, 2005) requires the subject to first complete

 practice procedure in which they answer a series of simple
ath operations (1 ×  2 + 1 = ?); after the math practice, sub-

ects’ maximum time allotted to solve the math problems on
he real trials with memory required is calculated by their mean
ime to answer the math question plus 2.5 standard deviations.
ubjects also perform a practice procedure where they are pre-
ented with two letters and asked to recall them in the order they
ere presented. After the practice phase, subjects are presented
ith the real trials that combine the math and letter proce-
ures of the experiment. Subjects are presented with a list of
5 trials of 3–7 randomized letters interleaved with simple math
perations. After each list is complete, subjects are required to
ecall the letters in the order presented. An example is shown in
igure 1.

The Symmetry  Span  (Unsworth, Redick, Heitz, Broadway,
 Engle, 2009) task (shown in Figure 1) is a spatial version of

he complex span which requires the subject to judge whether a
icture is symmetrical around a vertical axis while remembering
–5 specific locations highlighted on a 4 ×  4 grid.

Reading Span  (Unsworth et al., 2009) procedure is identical
o the Operation Span except that in the place of math operations,
ubjects must judge if a sentence makes sense such as, “Tom ran
o the store with rainbow shoes.” The to-be-remembered items
n the reading span are letters.

Running  Span  (Broadway & Engle, 2010) does not require
he subject to make any judgments between presentations of the
o-be-remembered stimulus, instead, subjects are shown varying
et sizes of letters and are required to only recall a subset of those
etters. For instance, the subject may see the letters J, L, K, P, T
nd only be required to recall the last 3 letters in the order they
ere presented (K, P, T).
Mental  Counters  (Alderton, Wolfe, & Larson, 1997)

resents three lines to the subject. At the beginning of the exper-
ment each line is given a value of five. Squares appear rapidly
nd in random order above and below the line, changing its
alue. When a square appears above the line, the value of that
ine increases  by one; when it appears below the line the value
ecreases by one. The subject must keep track of the value of
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

ll three lines. In Figure 2, a square appears above the third line.
n this example, the subject should add 1 to the current value of
he third line (5 + 1 = 6). At the end of each trial the subject must
ndicate the final number value of each line.

dx.doi.org/10.1016/j.jarmac.2016.07.010
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Figure 1. Examples of the Operation Span (a) and Symmetry Span (b).
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Figure 2. The Mental Counters task. Subjects have to keep track of

Fluid  Intelligence1.  Letter  Sets. In this task, subjects were
resented with four groups of letters, three of which were con-
tructed using the same rule while the fourth was composed
sing a different rule. Subjects were asked to identify the group-
ng that was created with a different rule than the other three.
e.g., AAAA BBBB CCCC DDED). Subjects were given 5 min
o complete 15 questions.

Number  Series. This task showed subjects a string of num-
ers that followed a particular rule. Subjects were asked to
etermine the next number in the sequence. For instance, an
xample of a practice item may be: 1 2 3 4 5?. In this example
he subject is expected to determine the rule, which is to that each
ew number in the sequence is simply one more than the previ-
us number. The rules became increasingly complex throughout
he task. Subjects were given 4 min and 30 s to complete 15
uestions.

Paper-Folding required each subject to imagine mentally
olding a piece of paper and putting a hole through it. They
ere then asked to imagine where each hole on the piece of
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016

aper would be if they then unfolded the piece of paper. Paper-
olding contained a total of 20 questions. Subjects were given

 6 min time limit to complete the task.

1 The measures of gF conducted on the web were new items created by our
ab for this project. We accomplished this by solving the rule of the original
roblem and using that same rule to build a new item.
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hree values or “counters” that change rapidly and in random order.

Matrix  Reasoning  showed subjects a 3 ×  3 matrix of patterns
hat were constructed using a common rule. On each trial the
ottom right picture of the matrix was missing and each subject
as asked to select the next picture in the pattern by selecting the

orrect answer from several alternatives. The Matrix Reasoning
est contained a total of 18 questions, with a 10 min time limit.

nline  Performance  on  the  OWL  Battery

Experiment  1  (E1).  The purpose of our first experiment
as to compare performance in the laboratory to online perfor-
ance on the OWL. We asked 58 subjects who had previously

ompleted E-Prime versions of the Complex Span and fluid intel-
igence measures in our lab to take them a second time online
sing the OWL. Last, all subjects returned to our lab to complete
wo additional tests in the laboratory that were not administered
n the original laboratory test battery (Reading Span and Mental
ounters). After subjects agreed to participate, we sent them an
mail link to the task manager which tracked their subject ID and
irected them through the battery automatically. Subjects were
ompensated $30.00 for their participation. A screenshot of the
ask manager is located in Appendix A. It contains a queue that
isplays the tests the subject still needs to complete, an approx-
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

mate administration time for those tasks, and a deadline for
ompletion. This allowed us to conduct the entire cognitive bat-
ery without a proctor as the task manager guided the subject
hrough each task with a simple mouse click.

dx.doi.org/10.1016/j.jarmac.2016.07.010
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Table 1
Correlations Among Composite Variables

WMCz Online WMCz Inlab gFz Online gFz Inlab

WMCz Online –
WMCz Inlab 0.57 –
gFz Online 0.45 0.67 –
gFz Inlab 0.31 0.66 0.74 –

N ncludi
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Last, we attempted to extract a common WMC factor and a
verbal specific factor in order to better understand subjects’ per-
formance on the verbal tests of WMC. This analysis is presented
ote: WMCz Online and WMCz Inlab are composite variables of WMC tasks i
ounters. gFOnline and gFInlab are composites of fluid intelligence tasks perfo

Method  (E1).  The purpose of the first experiment was to
ompare subjects’ performance in the laboratory to their behav-
or on the internet. The descriptive statistics for the measures of

MC are presented in experiment 1. Our primary interest in E1
as to compare and contrast subjects’ performance in the lab to

heir behavior online. In order to test this question, we created
wo composite scores for the working memory capacity tasks
separate scores for “in lab” and “online” performance), as well
s two composite scores for the measures of gF (“in lab” and
online”).

Our main interest was to determine whether the WMC meas-
res conducted on the web were predictive of fluid intelligence
erformance both in-lab and online. The results of our first anal-
sis can be found in Table 1. First, the fluid intelligence tests
onducted online correlated very highly with the same meas-
res taken in the lab (r  = .74).2 Additionally, the WMC measures
aken in the lab predicted fluid intelligence online and in the lab.
owever, our newly developed online measures of WMC were

ess predictive of fluid intelligence on the web (r  = 45), and in
he lab (r  = .31) (see in Appendix A). We expected the relation-
hip between our online tests of WMC and fluid intelligence
o be stronger and had no clear explanation for this pattern of
esults. That is, until we conducted the second experiment, which
rovided more insight into these results.

Experiment  2.  The primary of our second experiment was to
urther explore the validity of our WMC measures when they are
erformed online. We recruited a sample of young adults from
he United States aged 18–35. All that the OWL required was
or each subject to have access to a web browser and a United
tates IP address.

Method  (E2).  We recruited 100 online subjects using Ama-
on’s Mechanical Turk. Each subject used the OWL to complete
he same eight measures presented in E1. All subjects received
10.00 for their participation. Twelve subjects failed to complete
he entire battery of tests within a 24-h period. These subjects
ere dropped from the analysis leaving an n  = 88. Descriptive

tatistics for each test can be found in Table 3 in Appendix A.
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016

Results (E2).  Our first Confirmatory Factor Analysis (CFA)
oaded all five memory tasks on to a single factor labeled WMC
hich we correlated with a factor of fluid intelligence (see

2 The gF measures conducted in-lab were original items, whereas the gF
easures online were newly created. Thus, this correlation can be viewed as

ross-validation evidence for our newly created items. The original and new
tems correlated as high as the expected reliability.

F
c
c

ng Operation Span, Reading Span, Running Span, Symmetry Span, and Mental
 online and in lab respectively.

igure 3). The WMC factor only predicted roughly 18% of the
ariance in fluid intelligence (r  = .43), which is much lower than
hat we expected to find.
The fit indices of the first model indicated that the fit was

oor. In order to determine which parameters of the model were
ot specified correctly we analyzed the standardized residual
orrelation matrix, which includes any additional correlations
etween variables that were not captured by the model. We
bserved a clear, but unexpected pattern of data. All three of
he verbal measures of WMC had negative standardized residual
orrelations to gF that were not shared by the spatial measures
f WMC. This pattern of data suggested that subjects with low
F had high verbal WMC scores, but low spatial WMC scores.
verall, our analysis showed that only the spatial measures of
MC were significant predictors of gF.
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

igure 3. Confirmatory Factor Analysis for all measures of working memory
apacity (WMC) predicting fluid intelligence (gF). WMC = working memory
apacity; gF = fluid intelligence.

dx.doi.org/10.1016/j.jarmac.2016.07.010
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Figure 4. Confirmatory Factor Analysis of a common working memory capacity
f
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Table 2
Fit Statistics for Working Memory Capacity CFA Models

Model χ2 df χ2/df RMSEA SRMR NNFI CFI

Single Factor 81 26 3.1 0.16 0.13 0.70 0.79
Verbal Specific 33 22 1.5 0.07 0.05 0.93 0.96
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actor and a specific verbal factor predicting fluid intelligence (gF).

n Figure 4. We created a domain general factor of WMC by load-
ng all of the tasks onto a single factor and a specific verbal WMC
actor by loading all of the verbal WMC tests onto a second
actor. The correlation between the domain-general WMC con-
truct and gF was substantial. The estimate was very similar to
revious research findings that have assessed their relationship
n the lab. However, the relationship between the verbal spe-
ific factor and fluid intelligence was negative, which surprised
s at first. This pattern of evidence suggests that subjects with
ower cognitive ability had higher verbal WMC performance
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016

n the web. What could explain this result? Our hypothesis is
hat lower ability subjects were more likely to cheat by writing
own the to-be-remembered stimuli instead of recalling them as
nstructed (Table 2).

I

d

able 3
orrelations Among Variables

WMC VerbalOnline W

WMC VerbalOnline –
WMC SpatialOnline 0.66 –
gF Online 0.35 0.6
gF Inlab 0.21 0.5

ote: WMC VerbalOnline is a composite score of verbal WMC tasks including Oper
f Symmetry Span and Mental Counters. gF Online and gF Inlab are composites o
orrelation that was not significant was the correlation between WMC VerbalOnline 
ote: The only model approaching acceptable fit is the last model, specifying a
nique verbal factor (see Figure 4).

e-analysis  of  Experiment  1

As Experiment 2 was in progress, we realized that subjects
ould easily cheat our verbal tests of WMC by simply writ-
ng down the to-be-remembered stimuli, which were letters.
herefore, we asked approximately 50 subjects in E2 if they
ad written down any of the to-be- remembered letters during
he online experiment, and 10% (5–50) reported that they had
ndeed written down letters at some point in the assessment.
ased on this information, we thought that subjects might have
heated in a similar manner during the online battery of E1. We
onducted a re-analysis of E1 to test this hypothesis.

After separating the measures of working memory capacity
nto verbal and spatial composites we assessed their relation-
hip to fluid intelligence in the lab and online. The results of
able 3 show the same pattern of data found in E2. Although

he spatial tasks were highly predictive of fluid intelligence
cross both in-lab and online environments, the verbal meas-
res of working memory capacity taken online failed to predict
uid intelligence in the lab and were only weakly predictive of
uid intelligence online. Therefore, the evidence suggests that
ubjects in our first experiment had likely written down the to-
e-remembered stimuli in the same way that we observed in the
econd experiment.

Despite strong correlations between spatial measures of
MC and gF in the lab and online, we found that the verbal
MC tests had little to no correlation to fluid intelligence when

onducted on the internet. This finding was in complete contrast
o what our lab and many others have found when assessing the
elationship between verbal tests of WMC and novel reasoning
n the lab (Chuderski, 2014; Engle et al., 1999; Kane et al., 2004;
yllonen & Christal, 1990; Oberauer et al., 2003).
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

mproving  Validity  on  the  OWL  Battery

Experiment  3 (E3).  The goal of our third experiment was to
ecrease the incidence of cheating on the web-based versions of

MC SpatialOnline gF Online gF Inlab

7 –
6 0.74 –

ation Span, Reading Span, Running Span. WMC SpatialOnline is a composite
f fluid intelligence tasks performed online and in lab respectively. The only

and gF InLab (n.s.).

dx.doi.org/10.1016/j.jarmac.2016.07.010
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create the object perfectly, but if a wrong stimulus is chosen the
final shape would not be created correctly. Each subject was
administered 10 test items.
Figure 5. Images of the newly dev

he WMC tests by replacing the to-be-remembered stimuli from
etters to pictures of objects that could be easily verbalized in
ne task, and Klingon characters that were much more difficult
o rehearse in another task. To preview our results, we found that
eplacing the letter stimuli in the Operation Span with pictures
f common objects (e.g., an umbrella, or frog), or Klingon char-
cters, lead to a substantial increase in the correlation between
he online measures of WMC and gF.

Method  for  E3.  As in the first experiment, experiment three
as conducted in order to compare subjects’ online performance
n the two newly developed tests to their behavior in the lab.
herefore, our first study included 112 subjects aged 18–35
ho we selected from our lab’s database to complete the OWL
nline. All subjects had previously participated in research at
eorgia Tech’s Attention and WMC lab. Out of the 112 sub-

ects, 10 subjects were not usable due to an excessive amount
f missing data, leaving us with a final sample of 102 subjects.

 small number of these subjects also contained missing data.
e imputed the missing data for these subjects using the EM

Estimated Maximization) procedure in EQS.
Tasks. Measures  of  WMC

Operation  Span  (Unsworth et al., 2005) – See E1 for descrip-
tion.
Picture Span3 – this task was modeled after the Operation
Span, the only difference was that the to-be-remembered stimuli
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016

consisted of pictures of ordinary objects such as a frog, an
umbrella, or plane. Each object was interleaved with simple
arithmetic problems. Each subject received 15 trials of the

3 Stimuli chosen for the Picture Span task were simple, single word objects
hat could be displayed in black and white.
d Picture and Klingon Span tasks.

Picture Span, each size set (2, 3, 4, 5, 7) a total of 3 times
each. The task was randomized for each subject.
Klingon  Span  – the Klingon Span was also based on an alter-
ation to the traditional Operation Span (which presented words
or letters). The to-be-remembered stimuli were replaced from
letters to Klingon symbols. We chose items that to be as distinct
from one another as possible. Figure 1 shows the stimuli chosen.
Subjects received three trials of each of the four set-sizes (2, 3, 4,
5). This resulted in a total of 12 trials. Although this altered ver-
sion contained spatial stimuli as the to-be-remembered stimuli,
it also required subjects to solve the same arithmetic between
each item presentation. Therefore, the interleaving task was ver-
bal in nature and required the subject to solve math problems
(Figures 5–7).

Measures  of  Fluid  Intelligence

Number  Series  – See E1 for description.
Paper Folding  – See E1 for description.
Form Boards  – in the Form Boards task the subject is asked
to create an object, such as a square, from 4 out of 5 stimuli
presented beneath the final shape. The correct four stimuli will
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

Figure 6. Picture of the Visual Arrays task.

dx.doi.org/10.1016/j.jarmac.2016.07.010
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Figure 7. Confirm

Matrix  Reasoning  – See E1 for description.

Results (E3).  Our initial analyses were geared toward under-
tanding the relationship between subjects’ performance on

MC and gF measures in an online environment compared to
heir performance in the laboratory.

In order to investigate the relationship between WMC and gF
cross both the online and laboratory contexts we created two
-score composites of each construct, one for performance in
he lab and one for performance on the web. As we predicted,
erformance on both the online and in lab measures of WMC
nd gF were highly correlated with one another (see Table 4).
pecifically, gF performance in the lab was a strong predictor of
MC performance on the web (r = .71). gF performance on the
eb was also a strong predictor of WMC performance in the lab

r = .61). This evidence suggests that we successfully increased
he validity of our web-based measures of WMC. Subjects’ per-
ormance on gF in the lab and on the web was high enough
o meet test re-test standards (r  = .81), as was performance on

MC in the lab and on the web (r  = .75).

eplication  of  Results  and  Introduction  of  Attention
easures
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016

Experiment  4  (E4).  Our fourth and final experiment had two
ims. First, we wanted to replicate the results of the previous
xperiment in a random sample of online subjects from any-
here within the United States. Second, we wanted to investigate

1
s
t

able 4
orrelations Among Composite Variables of WMC and gF

gFz InLab gFz Onlin

gFz InLab 1
gFz Online 0.81 1
WMCz InLab 0.64 0.61 

WMCz Online 0.71 0.73 

ote: gF variables: gFz InLab = composite fluid intelligence variable (in lab adminis
orking memory capacity variable (in lab administration), WMCz Online (taken onl
 Factor Analysis.

he feasibility of administering measures of attention control and
he focus of attention in an online environment.

Method  (E4).  We added two additional measures to the
WL, a measure of attention control (anti-saccade) and a mea-

ure of the Visual Arrays. We initially recruited 140 subjects
rom Amazon’s crowd-sourcing service, Mechanical Turk, to
ake the OWL battery online. However, only 112 subjects com-
leted the entire battery. Therefore, the results reported for
xperiment 4 are the data for 112 subjects aged 18–35. The
nly additional constraint for participating in the experiment
as that the subject must have a United States IP address. The

asks administered in Experiment 4 were identical to Experiment
 with the exception of two additional measures.

Additional  Tasks  in  Experiment  4
Anti-saccade  – the subject was asked to fixate their attention

n a cross appearing in the middle of the computer screen at the
eginning of each trial. After the fixation disappeared an asterisk
as display on either the left or right side of the computer screen.
fter the asterisk disappeared, one of three letters appeared on

he opposite side of the screen (B, P, or R) and was quickly
asked. The subject’s job was to look away from the asterisk,

oward the opposite side of the screen in order to identify which
f the three letters appeared.

Visual  Arrays  – the subject was shown a display of 10 or
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

4 rectangles in various orientations on each trial. The subject
hown the word RED or BLUE at the start of each trial in order
o cue them to pay attention to either the red or blue stimuli.

e WMCz InLab WMCz Online

1
0.75 1

tration), gFz Online (taken online). WM variables: WMCz InLab = composite
ine).

dx.doi.org/10.1016/j.jarmac.2016.07.010
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Table 5
Correlations Among New OWL Measures and Composites of gF and WMC

AntiSacc VisualArrays gFz WMCz

AntiSacc 1
VisualArrays 0.35 1
gFz 0.39 0.49 1
WMCz 0.38 0.54 0.61 1
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Table 6
Fit Statistics for Confirmatory Factor Analysis (Figure 4)

χ2 df χ2/df RMSEA SRMR NFFI CFI

h
S

t
t
i
i
l
p
t
o

m
r
“
s
s
p
r
S
(
i
V
s
c
i

o
s
s
H
t
i
o
e
f
a
t

ote: AntiSacc = Antisaccade, Visual Arrays. gFz = gF composite.
MCz = working memory capacity composite.

fter the first display of blue and red rectangles disappeared
he subject was shown a second display with only blue or red
ectangles (depending on the trial). The subject then saw a black
ircle inside one of the rectangles and were asked to determine
hether or not the orientation had changed from the first dis-
lay. We computed a k  value for each subject by using the single
robe correction equation (Cowan et al., 2005). The calculation
s k = N* (hits + correct rejections −  1). These values were cal-
ulated for each set size. Last, we averaged each set size in order
o obtain the final k  value.

Results  (E4).  The results of Experiment 4 replicated our find-
ngs in Experiment 3. Specifically, the modified versions of the
peration Span were significantly correlated with all measures
f gF as well as our newly developed tests of attention con-
rol (anti-saccade) and our new measure of the Visual Arrays.
here was an exception with the Anti-Saccade task, which did
ot significantly predict Matrix Reasoning at the bivariate level
p = .066). However, both tasks significantly predicted compos-
te measures of WMC and gF. These findings provide further
upport for the validity of the OWL in online contexts and extend
he OWL’s measurement capability to constructs related to, but
eparate from WMC (Table 5).

In order to maximize the power and interpretability of our
ata, we combined the online performance4 of the experimental
roups from experiments 3 and 4. The current model consists
f 214 subjects who completed all three of the WMC measures
nd all four of the gF tasks online.

Our analysis included specifying a Structural Equation Model
n which WMC predicted gF. This model was a good fit to our
ata. WMC predicted 72.3% of the variance in gF (this value
s obtained by squaring the loading on the single-headed arrow
oing from WMC to gF). As we stated previously, numerous
tudies have shown that WMC and gF share a substantial amount
f overlapping variance. After modifying the Operation Span to
ake the stimuli more difficult to write down we found the same

attern of results that researchers have demonstrated in much
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016

ore controlled environments.
Despite the results of E2 in which we found poor model

t when we included verbal measures of WMC with easily
ritten down stimuli, both our newly created measures were

4 We estimated two factor scores for each group separately and tested for
omogeneity of variance using Levene’s test. The results showed that the groups
id not differ on the working memory capacity or fluid intelligence factor.

r
o
r
a
M
a

24 13 1.8 0.06 0.03 0.97 0.98

ighly loaded onto the WMC factor even though the Picture
pan stimuli could be rehearsed verbally (Table 6).

Discussion

Although WMC has proved to be one of the best predic-
ors of intelligence, its measurement has remained restricted to
he laboratory. In the current article we report four experiments
nvestigating the predictive validity of working memory capac-
ty with a flexible online battery that can be administered both
ocally and online. The findings were clear. Our online measures
redicted fluid intelligence both in and outside the lab. Correla-
ions for all measures in this battery are consistent with evidence
bserved in traditional lab settings.

We have also identified a potential threat to the validity of
easures of verbal WMC when measured online. Our data

evealed that low ability subjects were more likely to attempt to
game” the verbal tasks by writing down the to-be-remembered
timuli when they could be easily copied (e.g., verbal stimuli
uch as letters) in remote administrations when no proctor was
resent. We addressed this issue in experiments 3 and 4 by
eplacing the letter stimuli previously used in the Operation
pan task with stimuli that were more difficult to write down
e.g., Pictures and Klingon characters). The current article also
nvestigated the validity of measuring the Anti-saccade and the
isual Arrays on the web. Findings reported here provide further

upport for the validity of the OWL and extend its measurement
apability to other constructs that contribute to our understand-
ng of working memory capacity.

The ability to measure higher-order cognition over the web
ffers clear advantages to researchers. Researchers have raised
erious concerns regarding the representation of minorities in
amples recruited for most of the social sciences (Henrich,
eine, & Norenzayan, 2010). This issue is particularly relevant

o the study of issues such as adverse impact, in which the goal
s to determine how accurately a measure reflects the true ability
f subjects across different races. This question cannot be prop-
rly addressed if the researcher fails to acknowledge and control
or the social differences between whites and minorities, such
s the fact that minorities have substantially reduced access to
he research lab.

Conclusion

The OWL offers a completely new method of subject
ecruitment which researchers can use to overcome many
f the sampling issues facing researchers today. In addition,
esearchers can also take advantage of new technological
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

dvances in crowd-sourcing recruitment, such as Amazon’s
echanical Turk. These technologies allow researchers to

ccess a wide range of subjects and offer tailored recruitment

dx.doi.org/10.1016/j.jarmac.2016.07.010
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rocedures. Paired with the OWL battery, for example,
esearchers can recruit from a database that more closely
esembles the general population, relying less on convenience
amples.

Our research on the feasibility of obtaining valid estimates
f WMC on the web has revealed several important findings.
irst, our previous work in this area showed clear evidence that
easures of spatial WMC were valid when taken on the web.
owever, we also found that subjects were likely to cheat on
ur verbal measures of WMC (Operation Span, Reading Span
nd Running Span) when they were performed online versus
n the lab. In the current article we successfully modified the
erbal Complex Span tasks by creating new to-be-remembered
timuli which were more difficult to write down. The results of
wo experiments using these new measures demonstrated a sub-
tantial increase in the correlation between WMC and gF when
ubjects performed the OWL online. In addition, we extended
he measurement capability of the OWL to include a measure of
ttention control (the anti-saccade) as well as a measure of the
isual Arrays. This work contributes to a growing literature on
nline recruitment and measurement.
Please cite this article in press as: Hicks, K. L., et al. Measuring Working M
(the OWL). Journal  of  Applied  Research  in  Memory  and  Cognition  (2016
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able A2
escriptive Statistics for Online Tasks

Variable Min Max Mean 

OSpan 2 75 55.7 

ReadSpan 5 75 55.93 

RunSpan 32 100 73.07 

SymSpan 1 42 26.02 

MenCount 6 32 24.99 

LettSets 2 23 12.76 

PaperFold 2 19 10.19 

NumSeries 3 14 8.13 

MatrixReas 2 17 10.09 

ote: Partial scores are reported. WM tasks: OSpan = Operation Span, ReadSpan = R
enCount = Mental Counters, LettSets = Letter Sets, PaperFold = Paper Folding, Num

able A3
orrelations Among Variables

OSpan ReadSpan RunSpan SymSpan 

OSpan –
ReadSpan 0.65 –
RunSpan 0.41 0.54 –
SymSpan 0.57 0.48 0.27 –
MentalCount 0.39 0.35 0.2 0.49 

LS 0.1 0.08 0.04 0.32 

PaperFold 0.15 0.15 −0.12 0.4 

NS 0.17 0.06 0.02 0.4 

MatrixReas 0.24 0.05 −0.03 0.41 

ote: WM tasks: OSpan = Operation Span, ReadSpan = Reading Span, RunSpan = R
asks: LS = Letter Sets, PaperFold = Paper Folding, NS = Number Series, MatrixReas 
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Appendix  A.

xperiment  1

See Table A1.

able A1
escriptive Statistics for Online/In Lab Comparison

Variables Min Max Mean SD Skew Kurtosis

OSpan Online 0 75 50.4 26.1 −0.93 −0.76
OSpan Inlab 3 75 53.4 16.7 −1.1 0.84
RunSpan Online 0 75 45.9 21.9 −0.54 −0.79
RunSpan Inlab 10 81 54.3 18 −0.51 −0.46
ReadSpan Online 0 75 44.1 26.3 −0.41 −1.36
ReadSpan Inlab 3 75 44.5 20.2 −0.4 −0.85
SymSpan Online 0 42 22.8 12.7 −0.18 −1.22
SymSpan Inlab 4 42 24.9 9.9 −0.34 −0.39
MentalCount 0 32 16.7 10.4 −0.3 −1.32
MentalCount 1 31 17.9 8.2 −0.48 −0.5

ote: WM tasks: OSpan = Operation Span, ReadSpan = Reading Span, Run-
pan = Running Span, SymSpan = Symmetry Span, MentalCount = Mental
ounters. gF tasks: LS = Letter Sets, PaperFold = Paper Folding, NS = Number
eries, MatrixReas = Matrix Reasoning.
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

xperiment  2

See Tables A2–A4.

SD Skew Kurtosis

18.95 −1.34 −1.34
16.83 −1.06 −1.06
15.35 −0.22 −0.22
9.38 −0.46 −0.46
5.02 −1.28 −1.28
3.87 −0.15 −0.15
4.07 0.22 0.22
2.54 0.1 0.1
3.39 −0.26 −0.26

eading Span, RunSpan = Running Span, SymSpan = Symmetry Span. gF tasks:
Series = Number Series, MatrixReas = Matrix Reasoning.

MentalCount LS PaperFold NS MatrixReas

–
0.3 –
0.46 0.52 –
0.4 0.39 0.28 –
0.46 0.33 0.5 0.55 –

unning Span, SymSpan = Symmetry Span, MenCount = Mental Counters. gF
= Matrix Reasoning.

dx.doi.org/10.1016/j.jarmac.2016.07.010
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Table A4
Correlation Matrix for E4

Online In Lab

PicSpan Klingon SymSpan MatrixReas PaperFold FormBoard NumSeries Ospan SymSpan RotSpan Ravens NumSeries LettSets

Online
PicSpan 1
Klingon 0.63 1
SymSpan 0.62 0.72 1
MatrixReas 0.49 0.54 0.56 1
PaperFold 0.50 0.62 0.57 0.60 1
FormBoard 0.40 0.49 0.45 0.45 0.58 1
NumSeries 0.55 0.47 0.54 0.47 0.52 0.46 1

In Lab
Ospan 0.71 0.47 0.44 0.40 0.30 0.29 0.41 1
SymSpan 0.60 0.51 0.58 0.55 0.47 0.30 0.45 0.66 1
RotSpan 0.61 0.57 0.57 0.57 0.60 0.35 0.54 0.56 0.66 1
Ravens 0.54 0.59 0.59 0.63 0.70 0.53 0.60 0.41 0.53 0.61 1
NumSeries 0.57 0.44 0.45 0.44 0.52 0.38 0.68 0.49 0.51 0.57 0.61 1
LettSets 0.55 0.54 0.48 0.49 0.46 0.46 0.63 0.38 0.39 0.48 0.55 0.60 1

E

T
D

N
W

T
D

N
S
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xperiment  3

See Tables A5 and A6.

able A5
escriptives for E3 (Online Administration)

N Range Minimum M

MatrixReas 102 10 0 10
NumSeries 102 10 0 10
PaperFold 102 10 0 10
FormBoards 102 10 0 10
OSpan 102 75 0 75
SymSpan 102 39 0 39
PictureSpan 102 71 1 72
Klingon 102 69 0 69

ote: Descriptives from online tasks. gF tasks: MatrixReas = Matrix Reasoning, NumS
M tasks: Ospan = Operation Span, SymSpan = Symmetry Span, PictureSpan = Pictu

able A6
escriptives for E3 (in Lab Administration)

N Range Minimum M

Ravens 102 17 0 

NumberSeries 102 15 0 

LettSets 102 22 4 

OSpan 102 61 14 

SymSpan 102 41 0 

RotSpan 102 41 0 

ote: Descriptives from in tasks with in lab administration. gF tasks: Ravens = Ravens
ets. WM tasks: OSpan = Operation Span, SymSpan = Symmetry Span, RotSpan = R
emory Capacity on the Web With the Online Working Memory Lab
), http://dx.doi.org/10.1016/j.jarmac.2016.07.010

ax Mean SD Skew Kurtosis

 5.9 2.2 −0.85 0.23
 6.2 2.6 −0.4 −0.77
 5.3 2.7 0.06 −1.05
 5.9 2.5 −0.35 −0.75
 47.4 24.4 −0.81 −0.85
 22.2 11.4 −0.46 −1.02
 44.1 20.5 −0.63 −0.86
 21.3 18.6 0.85 −0.24

eries = Number Series, PaperFold = Paper Folding, FormBoard = Form Boards.
res Span, Klingon = Klingon Span.

ax Mean SD Skew Kurtosis

17 9.17 4.1 −0.367 −0.88
15 9.2 3.6 −0.357 −0.59
26 15.84 4.8 −0.185 −0.25
75 54.9 15 −0.86 0.04
41 26.6 9.7 −0.87 0.37
41 24.8 10.7 −0.57 −0.52

 Advanced Progressive Matrices, NumSeries = Number Series, LettSets = Letter
otation Span.

dx.doi.org/10.1016/j.jarmac.2016.07.010
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xperiment  4

See Tables A7 and A8.

able A7
escriptives for E4

N Min Max Mean Std Skew Kurtosis

PictureSpan 112 0 75 47.09 22.02 −0.74 −0.69
Klingon 112 0 74 26.74 19.78 0.45 −0.92
SymSpan 112 0 42 28.23 10.14 −0.61 −0.28
MatrixReas 112 2 9 6.17 1.55 −0.44 −0.2
PaperFold 112 0 10 5.67 2.62 −0.31 −0.76
FormBoard 112 0 10 5.88 2.28 −0.54 −0.24
NumSeries 112 1 10 6.63 2.09 −0.43 −0.45
AntiSacc 112 0.2 0.93 0.5 0.15 0.64 0.04
VisualArrays 112 −1.65 4.5 2.4 1.28 −0.47 −0.04

ote: WM tasks: Picture Span, Klingon = Klingon Span, SymSpan = Symmetry Span. gF tasks: MatrixReas = Matrix Reasoning, PaperFold = Paper Folding, Form-
oard = Form Boards, NumSeries = Number Series. AntiSacc = Antisaccade, Visual Arrays.

able A8
orrelation Matrix for E4

PictureSpan Klingon SymSpan MatrixReas PaperFold FormBoard NumSeries AntiSacc VisArrays

PicSpan 1
Klingon 0.66 1
SymSpan 0.56 0.61 1
MatrixReas 0.47 0.24 0.43 1
PaperFold 0.55 0.45 0.54 0.51 1
FormBords 0.29 0.24 0.28 0.33 0.32 1
NumSeries 0.45 0.36 0.35 0.37 0.4 0.47 1
AntiSacc 0.32 0.42 0.22 0.18 0.35 0.23 0.36 1
VisArrays 0.42 0.53 0.47 0.31 0.49 0.37 0.26 0.36 1

ote: WM tasks: Picture Span, Klingon = Klingon Span, SymSpan = Symmetry Span. gF tasks: MatrixReas = Matrix Reasoning, PaperFold = Paper Folding, Form-
oard = Form Boards, NumSeries = Number Series. AntiSacc = Antisaccade, Visual Arrays.

See Figure A1.
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