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Abstract In the task-switching paradigm, the latency switch-
cost score—the difference in mean reaction time between switch
and nonswitch trials—is the traditional measure of task-
switching ability. However, this score does not reflect accuracy,
where switch costs may also emerge. In two experiments that
varied in response deadlines (unlimited vs. limited time), we
evaluated the measurement properties of two traditional switch-
cost scoring methods (the latency switch-cost score and the
accuracy switch-cost score) and three alternatives (a rate resid-
ual score, a bin score, and an inverse efficiency score). Scores
from the rate residual, bin score, and inverse efficiency methods
had comparable reliability for latency switch-cost scores with-
out response deadlines but were more reliable than latency
switch-cost scores when higher error rates were induced with
a response deadline. All three alternative scoring methods
appropriately accounted for differences in accuracy switch costs
when higher error rates were induced, whereas pure latency
switch-cost scores did not. Critically, only the rate residual and
bin score methods were more valid indicators of task-switching
ability; they demonstrated stronger relationships with perfor-
mance on an independent measure of executive functioning
(the antisaccade analogue task), and they allowed the detection
of larger effect sizes when examining within-task congruency
effects. All of the three alternative scoring methods provide
researchers with a better measure of task-switching ability
than do traditional scoring methods, because they each
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simultaneously account for latency and accuracy costs.
Overall, the three alternative scoring methods were all superior
to the traditional latency switch-cost scoring method, but the
strongest methods were the rate residual and bin score methods.

Keywords Task switching - Switch cost - Measurement -
Scoring method - Reliability - Validity

Task-switching ability is one of many executive control abil-
ities, the set of general mechanisms that regulate the perfor-
mance of other cognitive processes (Miyake et al., 2000), but
the measurement properties of task-switching scores are often
ignored. Variations in task-switching ability can appear
through switch costs in latency and accuracy, but traditional
latency switch-cost scores fail to provide a single, compre-
hensive score that incorporates both latency and accuracy.
This is problematic when conducting group comparisons
(e.g., Prior & MacWhinney, 2010) and even more so when
examining individual differences (e.g., Friedman & Miyake,
2004; Friedman et al., 2006; Miyake et al., 2000).

In the task-switching paradigm, participants perform two
simple tasks in serial alternation, switching between them fol-
lowing either a predictable rule or an external cue (for reviews,
see Logan, 2003, Monsell, 2003, & Vandierendonck,
Liefooghe, & Verbruggen, 2010). The stimuli afford responses
to both tasks, so the participant relies on the rule or cue to know
which task to perform on any given trial. Trials directly follow-
ing a change in the task to be performed (switch trials) are
typically slower and/or less accurate than trials that do not
directly follow a change in task (nonswitch trials). Figure 1
contains examples of trial sequences in a task-switching task
during two pure conditions and the mixed condition, when
participants switch between tasks.

Typically, switching between tasks has costs to speed and/
or accuracy. A latency switch-cost score reflects the additional
time required to switch from one task to the other (i.e., the
difference in reaction time [RT] between switch and
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Fig. 1 Schematic of task-
switching task during pure/mixed
conditions in Experiment 1. In
pure conditions, participants (1)
judge whether the digit is odd or 8

Pure Odd-Even
Condition

“aven”

even or (2) whether the digit is
lower or higher than five. In the
mixed condition, participants
alternate between tasks every 1
three trials. Background color

“odd"

Mixed
Condition

Pure High-Low
Condition

“odd”
(non-switch)

“high”

“high” (switch)

corresponds to task: White means
odd versus even, dark gray means

lower versus higher. Correct 6
responses are in quotations, and

“Yow”

“even’
2 (non-switch)

“low”

for mixed condition, trial type is
in parentheses. The bottom
portion shows timing parameters. time

“high?
7 (non-switch)

“even’
(switch)

1 "odd’ 7 *high” 4

Timing Parameters
(For All Conditions)

time >

7 8

pre-trial interval
(100 ms)

nonswitch trials). Likewise, an accuracy switch-cost score is
the difference in error rates. The goal of the present study was
to compare the latency and accuracy of switch-cost scoring
methods with those of three alternative methods—a rate re-
sidual score, a bin score, and an inverse efficiency score—on
the basis of reliability and validity. The validities of the
scoring methods were compared on (1) their ability to capture
switch costs exhibited through changes in both response speed
and accuracy, (2) the strength of their relationship to perfor-
mance on the antisaccade analogue task (e.g., Hallett, 1978), a
measure of the related but separate executive function of
inhibitory control, and (3) their ability to detect within-task
congruency effects.

There is still debate on the exact mechanisms responsible
for switch costs (for a review, see Kiesel et al., 2010). Some
argue that switch costs reflect a shifting mechanism responsi-
ble for the reconfiguration of the current task set, whereas
others believe that costs are driven solely by proactive inter-
ference occurring within the context of associative retrieval
processes (e.g., Koch & Allport, 2006; Monsell, 2003).
Indeed, there is a rich literature examining task-switching
performance to identify the component processes that support
such goal-directed behavior (e.g., De Jong, 2000; Jamadar,
Michie, & Karayanidis, 2009; Meiran, 2000; Rogers &

stimulus
(until response)

stimulus
(until response)

pre-trial interval
(100 ms)

Monsell, 1995; Rubinstein, Meyer, & Evans, 2001). The
present study was not designed to adjudicate among differing
theoretical perspectives; rather, it demonstrates that the choice
of scoring methods can impose serious limitations on study
conclusions, thereby impacting theory development and mod-
el testing. For example, whereas some researchers have found
a significant interaction between task switch and congruency,
such that larger switch costs are observed on incongruent trials
(Gopher, Armony, & Greenshpan, 2000, Experiment 2), sev-
eral other studies have failed to detect the interaction (Fagot,
1994; Gopher et al., 2000, Experiment 1; Meiran, 1996;
Monsell, Azuma, Eimer, Le Pelley, & Strafford, 1998). One
potential explanation for the discrepancy of results is that this
congruency effect is a true effect but it is not detected by all
scoring methods, due to some aspect of a scoring method
(e.g., reliability). If this were true, given that these congruency
effects have informed theoretical accounts of task switching
(Kiesel et al., 2010), then the choice of scoring method has
clear implications for the field’s ability to advance the state of
current theoretical models.

Investigations into the effects of different features of the
task, such as the type of cuing and predictability of switches,
have helped to identify different processing components (for
recent examples, see Meier, Woodward, Rey-Mermet, & Graf,
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2009; Saeki & Saito, 2009). Such studies often involve the
parametric manipulation of multiple task features, and re-
searchers test for complex higher-order (e.g., three-way) inter-
actions among these factors. Other researchers have used the
task-switching paradigm as an individual-difference measure,
to examine the relationship of task switching to other variables
of interest, such as age, performance on related cognitive tasks,
presence of disorders (e.g., schizophrenia), and even the use of
energy supplements (for examples, see Eindther, Martens,
Rycroft, & De Bruin, 2010; Gupta, Kar, & Srinivasan, 2009;
Jamadar, Michie, & Karayanidis, 2010; Poljac et al., 2010), or
to examine the cognitive consequences of being bilingual (Prior
& Gollan, 2011; Prior & MacWhinney, 2010).

For all types of studies, reliable measurement of the varia-
tion in individuals’ task-switching ability has implications for
drawing inferences and conclusions. Researchers taking an
experimental approach are often interested in examining com-
plex interactions between different factors (e.g., task manipu-
lations) in order to better understand the mental processes
supporting task performance. Although analyses typically
aggregate across individuals and focus on group-level effects,
unreliable measurement of task performance introduces irrel-
evant noise that could obfuscate the targeted higher-order
interactions. In contrast, the primary goal of individual-
difference studies is typically to measure a person’s underly-
ing ability by use of a single score (e.g., switch cost, mix cost)
or by estimating a latent variable based on multiple scores or
“indicators” (for examples of a latent variable analysis with
measures of executive control, see Friedman & Miyake, 2004;
Miyake et al., 2000). A latent variable analysis has the benefit
of partialing out measurement error, thereby providing an
estimate of the true underlying construct. But latent variable
analysis requires large sample sizes (hundreds of participants)
and the collection of multiple indicators per construct, both of
which may not be possible for most researchers due to logis-
tical, financial, or other constraints. Therefore, most re-
searchers often rely on a single score to measure a construct.
In this case, lower reliability may lead to erroneous measure-
ment of the participants’ abilities, thereby making it more
difficult to detect a true relationship between task switching
and other measures or outcome variable. Therefore, when
using the task-switching paradigm, to allow valid inferences
to be drawn, it is important to consider the reliability and
validity of the resulting scores.

Reliability

Reliability concerns the ability of a score to consistently
measure relative differences in ability (over different samples
of items, test forms, testing occasions, etc.). Lower levels of
reliability are problematic because scores with low reliability
contain a comparatively high proportion of error variance,
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which constrains the researcher’s confidence that the variation
in observed scores represents variation in the intended con-
struct. Error variance also negatively affects the likelihood of
observing significant relationships with other variables by
attenuating or obscuring such relationships. With decreased
confidence in the representativeness of scores and higher
amounts of error variance in scores, low reliability affects
theory and model development, a common problem in cogni-
tive control research (Rabbitt, 1997).

Although standards for reliability can vary greatly (by
purpose, domain, or context), Nunnally and Bernstein
(1994) recommend a reliability criterion of .70 for experimen-
tal and developmental purposes. However, not all researchers
investigate or report measures of reliability. Others report
reliabilities that do not consistently meet Nunnally and
Bernstein’s criteria for experimental and developmental pur-
poses. For example, Salthouse, Fristoe, McGurthy, and
Hambrick (1998) reported reliabilities of .71, .61, and .46
for the latency switch-cost measures in their study, and
Miyake et al. (2000) reported reliabilities of .91 and .59 for
the latency switch-cost measures in their study. In these cases,
the reported levels of reliability vary widely, even within a
single study.

Validity

Validity concerns the extent to which variation in scores
reflects individual differences in an underlying ability of in-
terest. Low validity is problematic because scores with low
validity contain higher proportions of construct-irrelevant var-
iance. The present study focused on the threat to the validity of
latency switch-cost scores from ignoring individual differ-
ences in accuracy switch costs, or vice versa. Although laten-
cy and accuracy are known to be highly related (Pachella,
1974), participants may engage in particular response strate-
gies that prioritize accuracy over speed (i.e., speed—accuracy
trade-offs; e.g., Samavatyan & Leth-Steensen, 2009). Using
latency switch-cost scores as the sole indicator of individual
differences in task-switching ability essentially ignores half of
the data—accuracy. Because switching between tasks can
result in costs to both speed and accuracy (Monsell, 2003),
measuring costs to RT, but not accuracy, captures only a
portion of the available information about a participant’s
performance.

The prioritization of speed to the point of sacrificing accu-
racy is particularly problematic for latency switch-cost scores.
Wickelgren (1977) found that when experiments are manipu-
lated to emphasize speed (e.g., using response deadlines or
special instructions), more erroneous responses can be expect-
ed. This reduction in accuracy may more strongly impact
switch trials, due to the increased difficulty of these trials
and the presumed need to engage additional processes. Even
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if not experimentally induced, participants may strategically
decide to emphasize the speed of their performance despite
negative effects on accuracy. Such depreciations in accuracy,
however, are not reflected in traditional RT measures, like the
latency switch-cost score. Moreover, since data from incorrect
trials are typically excluded from RT estimates, speed—accu-
racy trade-offs may also negatively impact the reliability of
RT estimates by reducing the number of observations contrib-
uting to the latency score.

Researchers often conduct separate analyses on RT and
accuracy costs, then examine whether the patterns of results
are parallel across the two outcomes (e.g., Rubin & Meiran,
2005). Unless the specific intent of the researcher is to com-
pare costs exhibited in latency with costs exhibited in accura-
cy, the strategy of separate analyses represents a potential
threat to the power of the researcher to detect relationships
and interactions. Separate analyses essentially ignore one
reflection of cost (either latency or accuracy) at a time. If
some individuals tend to exhibit costs in one variable more
than in the other or even switch between experiencing more
cost to accuracy or to speed of performance, the effect that the
researcher is attempting to detect will be weakened and,
therefore, more difficult to detect, when speed and accuracy
are analyzed separately. One possible extension to separate
ANOVA analyses could be to perform a MANOVA, treating
RT and accuracy as dependent variables simultaneously. A
MANOVA, however, requires a number of assumptions (e.g.,
linear dependency between dependent variables, multivariate
normal distributions) that RT and accuracy data are not likely
to meet and has no clear application in individual-difference
research contexts.

In sum, utilizing a score with low reliability and/or validity
has the potential to harm a researcher’s theory and model
building by leading to the assignment of noisy and/or biased
scores to participants. Here, we consider alternative scores
aimed at capturing both latency and accuracy costs in a single
score.

Scoring methods

Given these concerns about task-switching scores’ reliability
and validity, the focus of the present research was to improve
the measurement of individual differences in task-switching
ability. Three alternative scoring methods for the task were
compared with standard latency-only and accuracy-only
switch-cost scores. The new scoring methods were selected
because they simultaneously incorporate information about
the speed and the accuracy of responses. The present analyses
compare the traditional latency and accuracy switch-cost
scores with three alternative scoring methods—a rate residual
score, a bin score (see below for details), and an inverse
efficiency score. The methods were compared in terms of their

reliability, their ability to simultaneously measure costs to
latency and accuracy, their ability to detect within-task con-
gruency effects, and their relationship with a separate measure
of inhibitory control—the antisaccade analogue task. Previous
research has found that task switching and inhibition are
related but separable components of executive functioning
(e.g., Miyake et al., 2000), so inhibitory control performance
should show a relationship to task switching performance.
The scoring methods were compared in two experimental
contexts, which investigated the impact of the new scoring
methods across different levels of error rates.

Latency and accuracy switch-cost scores

The traditional latency switch-cost score is calculated using
RTs from within mixed-condition block(s). A participant’s
average RT on accurate nonswitch trials is subtracted from
his or her average RT on accurate switch trials. In calculating
both averages, RTs from inaccurate trials are excluded. The
accuracy switch-cost score is calculated by subtracting the
proportion of correct responses on switch trials from that on
nonswitch trials.

The primary drawback of the latency switch-cost score is
that, by focusing only on the speed of responses and excluding
the inaccurate trials from the mean RT calculation, changes in
accuracy are not reflected in a participant’s latency switch-cost
score. Conversely, the drawback of the accuracy switch-cost
score is that changes in latency are not reflected in a partici-
pant’s accuracy switch-cost score.

Rate residual scoring method

The rate residual score is modeled on the scoring method used
with a test of available long-term memory access (Was &
Woltz, 2007; Woltz & Was, 2006). The rate residual score
incorporates speed and accuracy information by computing
the residualized difference between the rates of correct re-
sponses per second for switch and nonswitch trials. By ex-
amining correct response rates, rather than RTs on correct
responses, this measurement of task performance takes into
account both response latencies and response accuracy. For
example, if a participant is responding with a similar speed on
switch and nonswitch trials but has lower accuracy on switch
trials, the average RTs may be similar, but the number of
correct responses for switch trials (the numerator of their
switch trial rate) will be lower, thus incorporating costs to
accuracy into the score. Note that, for this score, more nega-
tive scores indicate larger costs, scores near zero indicate

! Tt should be noted that some researchers examine switch costs in latency
and accuracy separately (Monsell, 2003) or look for speed—accuracy
trade-offs (e.g., Gopher et al., 2000; Samavatyan & Leth-Steensen,
2009). However, these approaches fail to incorporate both aspects of
performance into a single score or into a single analysis.
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average, or typical, costs, and more positive scores indicate
smaller costs relative to the sample of participants (for more
detail, see the Method section).

Was and Woltz (2007) cited two reasons for using
residualized differences over simple difference scores. First,
residualized differences are typically more reliable than sim-
ple difference scores, especially when the two difference
components become more highly correlated (Linn & Slinde,
1977). Since the present goal is to improve the measurement
qualities of task-switching scores, this is also an advantage for
the rate residual method. Second, Was and Woltz believed
simple difference scores to be problematic for measuring
individual differences in available long-term memory access
because the magnitude of priming depends partly on overall
speed and accuracy (there is less room for the facilitation
effect they were measuring when an individual was already
fast and accurate). Similarly, the rate residual score proposed
for task switching takes overall baseline performance into
account, such that the same raw costs are not necessarily
considered to reflect the same level of task-switching ability
given differences in baseline performance.

Bin scoring method

In the bin score (modeled on procedures proposed in Fidelman
& Kenyon, 2009), each switch trial RT is subtracted from the
participant’s average RT for all nonswitch trials. The RT differ-
ences between each single switch trial RT and the average
nonswitch trial RT for the sample of participants are rank-
ordered and placed into ten bins. The smallest differences
(i.e., the smallest switch costs) are placed in the “best” bin,
and the greatest differences (i.e., largest switch costs) are placed
in the “worst” bin. The bins are labeled numerically with the
integers 1-10 to create an ordinal variable where the “better”
bins have values closer to one and the “worse” bins have values
closer to ten. The RT differences for each participant are
recoded to the value of the bin they belonged to and summed
to compute the participant’s bin score. In this way, on the basis
of RTs alone, participants whose switch trial RTs tend to be only
slightly longer than their nonswitch trial RTs would have a
smaller bin score.

To incorporate information on accuracy into this score,
inaccurate responses are penalized by automatically placing
those trials in a “bad” bin. Thus, participants who make many
errors on switch trials would receive higher bin scores, indi-
cating worse performance. We note that the assignment of
inaccurate responses to a bad, or the worst, bin is arbitrary.
However, any choice of penalty would be arbitrary to some
degree. The goal of this approach was to add an additional cost
for errors, and it is unclear whether RTs from inaccurate trials
merit interpretation similar to those on correct trials. That is,
simply adjusting the bin by a set amount (e.g., +3) for making
an error does not carry any strong theoretical justification over
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our approach, which implies that an inaccurate response is
twice as undesirable as a latency difference exhibiting the
greatest degree of switch cost. The bin score considered here
penalized errors by assigning them a bin value of 20 (i.e.,
double the value of the “worst” correct trial RT bin), thereby
imposing a stronger penalty for committing an error.”

Inverse efficiency scoring method

The inverse efficiency scoring method was propsed by
Townsend and Ashby (1978, 1983) as a way to integrate speed
and accuracy for analysis. Inverse efficiency scores incorpo-
rate information about speed and RT by dividing RTs by 1
minus the percentage of errors (i.e., percentage of correct
responses). Bruyer and Brysbaert’s (2011) review of inverse
efficiency scores showed mixed results, such that inverse
efficiency scores had advantages over RT analysis in some
situations (e.g., when error rates are low and there is a strong,
positive linear relationship between speed and accuracy), but
not in others (e.g., when error rates are high and there is not a
strong, positive linear relationship between speed and
accuracy).

Experiment 1

Participants in Experiment 1 completed a task-switching task
and an antisaccade analogue task designed to measure the
inhibition component of executive control. In the task-
switching task, participants were instructed to respond as
quickly and accurately as possible, in contrast to Experiment
2, which included a response deadline. The three alternative
scoring methods were compared with the traditional latency
and accuracy switch cost scores with respect to reliability and
criterion validity (i.e., the correlation with antisaccade
performance).

Method
Participants

Participants were studying foreign languages as part of
their training for the U.S. military. In total, 1,902
participants (423 females, 1,304 males, and 175 partic-
ipants with unreported gender; M,,. = 24.17 years,
SD = 4.68) produced usable data. One hundred and
two participants, 5.1 % of the sample, were excluded
from analyses for exhibiting both low overall RT and

2 We also examined an alternative bin score whereby errors were assigned
to the worst RT bin—that is, assigned a bin value of 10. However, the
results consistently favored the double-penalty binning approach; there-
fore, we only report the results for the double-penalty bin score.
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accuracy in the task-switching task (less than 25th per-
centile of mean overall RT and less than .80 overall
accuracy) because that level of performance was con-
sidered to reflect low motivation to complete the task as
directed.

Because the study was being conducted at the request of
their institution and while participants were on duty, partici-
pants were given a half-day’s release from their normal sched-
ules to participate in the study. Care was taken to ensure that
participants knew that their participation was optional, and the
procedures used were approved by a university human sub-
jects’ Institutional Review Board (IRB) and a Department of
Defense IRB.

Procedure

The task-switching and antisaccade analogue tasks were
administered as part of a larger test battery (see Bunting
et al., 2010). All participants completed one session,
during which they completed a background history
questionnaire and a number of computerized tasks. The
computerized tasks measured aspects of working mem-
ory, rote memory, primability, implicit induction, and
auditory perceptual acuity. The testing session was bro-
ken into three subsections, each taking approximately
45 min. The test order was fixed for all participants
with the task-switching and antisaccade analogue tasks
administered as the seventh and fourth tasks, respective-
ly. A subset of participants also completed a separate
session during which additional cognitive ability tests
and scales of personality and motivational traits were
administered.

Materials

All tasks were implemented in E-Prime (version 2.0,
Psychology Software Tools), and responses were recorded
with a serial-port response box (Psychology Software Tools).

Task-switching task Stimuli consisted of the digits 1-9, ex-
cluding 5, and afforded performance on two tasks: the odd—
even (OE) task and the high—low (HL) task. The OE task
required participants to classify the stimulus number as either
“odd” or “even.” For all OE trials, the target digit appeared
centered in a white background box. The HL task required
participants to classify the stimulus number as either “lower
than 5” or “higher than 5.” For all HL trials, the target digit
appeared centered in a gray background box. During the
mixed condition (shown in Fig. 1, including timing parame-
ters), participants were instructed to switch between tasks
every three trials. In addition, task switches were exter-
nally cued, with either a white or a gray background
square serving as a visual reminder of the to-be-

completed task. Response box templates were created
for the task so that button one had a label of Odd/Low
and button two had a label of Even/High above the
corresponding buttons. The assignment of button labels
was held constant across participants, since the goal of
these studies was to examine individual differences in
processing, rather than responses averaged over the
group.

Participants first received instructions for the OE task and
then completed 8 practice trials with feedback, followed by 16
practice trials without feedback. Following this practice, they
completed 32 baseline OE test trials (a pure-condition block).
Participants then followed the same procedure for the HL
task—instructions, 8 practice trials with feedback, 16 practice
trials without feedback, and 32 test trials. Then participants
completed 24 mixed-condition block practice trials with feed-
back and 24 practice trials without feedback. They then com-
pleted two mixed-condition test blocks of 72 test trials (with-
out feedback) each, with a short break between the two blocks.
Thus, across the two test blocks for the mixed condition,
participants completed a total of 46 switch trials and 98
nonswitch trials.

Each participant completed the trials in the same, fixed
order. Test trials for the mixed-condition blocks were
pseudorandomized with the following constraints:

1) the same stimulus digit could not repeat across trials, with
at least two intervening trials before the digit could be
repeated;

2) the same target response button could repeat no more than
three times in a row;

3) no more than five trials in a row were butfon-response
congruent, such that the correct response would require
pressing the same button regardless of the current task.

Antisaccade analogue task The antisaccade analogue task is a
manual response analogue of the traditional antisaccade eye
movement task (Hallett, 1978) and was included in the anal-
yses as a measure of inhibition. Task set switching and
inhibition have been found to be related but separate compo-
nents of executive function (e.g., Miyake et al., 2000).
Therefore, we expected performance on this task to be related
to task-switching performance.

The methodology and procedure for this task were adapted
from Unsworth, Schrock, and Engle (2004). In the antisaccade
analogue task, participants must resist their prepotent tenden-
cy to orient attention toward a distractor stimulus and, instead,
direct visual attention to the opposite side of a computer
screen to identify a target stimulus. On a given trial, a
distractor signal (“=") is flashed twice on one side of the
screen, followed immediately by the brief presentation of a
backward-masked target letter (P, B, or R; see Fig. 2). The
participant must indicate which target letter was presented by
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Fig. 2 Schematic of the
antisaccade analogue task during
the critical antisaccade block. A
cue is flashed on the opposite side
of the screen from where the
backward masked target letter
will subsequently appear. Thus,
participants must overcome their
prepotent response to look at the
cue and, instead, fixate the target
letter prior to the backward mask
to correctly identify the letter and
make the buttonpress response.
The duration of the fixation point
screen was 200, 600, 1,000,
1,400, or 1,800 ms.

pressing one of three response buttons.® Previous research
using this task has found that individuals with better executive
functioning are more able to suppress the prepotent response
to look at the distractor signal and, thus, are more accurate at
identifying the target stimuli. Performance on the antisaccade
analogue task was measured as a logit transformation of the
proportion of accurate trials.

Scoring

The traditional and alternative scoring methods are described
below.

Traditional latency switch-cost score Prior to calculating the
switch and nonswitch average RTs, RT data were cleaned to
remove inaccurate and outlying trials. Those trials following
an inaccurate trial were also excluded. To identify outlying
trials, the standard deviation (SD) and mean RTs were calcu-
lated for each participant within each of the four conditions,
crossing switch condition (switch vs. nonswitch) with re-
sponse task (HL vs. OE). RTs below 200 ms were replaced

® Note that the antisaccade analogue task is a three-alternative forced
choice (3AFC) task, whereas the task-switching task was a 2AFC task.
Although this introduces a methodological difference between the tasks,
we believe that this is a benefit to our research goals: design-specific
variance (or “common method bias”) can inflate or deflate estimates of an
effect (for an analytic derivation with linear and interaction effects in
regression, see Siemsen, Roth, & Oliveira, 2010). By reducing design-
specific shared variance, we can better estimate the true relationship
between the task-switching scoring methods and performance on the
antisaccade task.
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fixation points

Antisaccade Condition

Score = logit(Proportion Correct)

attractor (1)

attractor (2)

mask (2)
(until response)

with the participant’s mean for that condition. Long outlying
RTs were defined as being more than 3 SDs above the partic-
ipant’s conditional mean and were replaced with that partici-
pant’s cutoff. After the RT outliers were replaced with their
appropriate values, the final RT averages for switch and
nonswitch conditions (and collapsing HL and OE conditions)
were calculated.*

Latency switch costs were computed by subtracting the
average nonswitch RT from the average switch RT for each
participant, such that larger (more positive) values indicated a
larger cost to switching.

Traditional accuracy switch-cost score Accuracy switch costs
were based on the accuracy of responses in the mixed-
condition block. A participant’s accuracy switch cost was
computed by subtracting the proportion of correct responses
on switch trials from the proportion of correct responses on
nonswitch trials. As with the latency switch-cost score, a
larger (more positive) value indicated a larger cost to
switching.

Rate residual score To calculate the rate residual score, the RT
data were cleaned as described above. The test block was then
divided into subsets of trials, excluding the initial 3 nonswitch

* Since there is not strong agreement on best-practices for trial-cleaning
procedures, we followed the advice of a reviewer who suggested explor-
ing whether minor alterations to the trial-cleaning procedure would affect
our conclusions. The results in Tables 3, 4, 5, 6 and 7 were re-created
following two variations in trial-cleaning: excluding RT outliers and
including recovery trials (i.e., trials following an error). We found that
neither change would have affected the present conclusions.
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trials of each mixed-condition test block.” Assigning the trials
into eight subsets resulted in most subsets containing 6 switch
trials and 12 nonswitch trials. The exceptions were the fourth
and eighth subsets, which contained 5 switch and 10
nonswitch trials.

Within each subset, the rate of correct responses per sec-
ond was calculated for the nonswitch trials and switch trials
by dividing the number of correct responses per trial type by
the time taken to make all of the responses, whether accurate
or inaccurate (summing the RTs for that trial type). As an
example, the formula for the rate of correct responses for
nonswitch trials, Ryonswitch, 1N ONe subset of trials is given
in Eq. 1, where ¢nonswiten 18 the number of correct responses
to nonswitch trials in this subset and RTynopswiten 18 the re-
sponse time, regardless of accuracy, for each nonswitch trial
in this subset:

CNonswitch
RNonswitch e (1)
§ RTNonswitch

For each trial subset (e.g., subset 1), the switch trial rates
were regressed on nonswitch trial rates. Equation 2 is an
example of the regression model for predicting a participant’s
rate for switch trials (R switcn) With the rate for nonswitch trials
(R Nonswitch) Within a subset of trials:

ﬁSwiwh = 60 + ﬁl (RNonswitch) +e€. (2)

Although participants were expected to have a lower rate
for the switch trials, the residuals—the difference between
observed and predicted switch trial rates—indicated which
participants exhibited relatively greater or lesser “costs” in
their switch rates, as compared with the rest of the sample
(see Eq. 3 for an example of a single subset). Participants who
were affected (i.e., slowed down) on switch trials more than
expected earned negative residuals,® whereas those who
slowed down on switch trials less than expected earned pos-
itive residuals. That is, a larger switch cost is indicated by
more negative residuals, using this measure. Since the regres-
sion was performed on each of the eight subsets of trials
(indexed by j in Eq. 4), a total of eight residuals were com-
puted for each participant. The residuals from each of the J
regressions were averaged to find each participant’s final rate
residual score, RR, as seen in Eq. 4:

> Note that the number of subsets the data is divided into is somewhat
arbitrary. Differences in task design may change the ideal number of
subtsets into which data should be divided, but the goal is to support the
internal consistency of the scores by achieving a balance between the
number of residuals to average and the number of trials per person that
each regression is based on.

® Recall that larger rates indicate greater speed, in contrast to RTs, where
smaller RTs indicate greater speed.

¢ = Rsyitch—Rswich (3)

8 .
RR = 21 ;;le’. (4)

Bin score The bin score compared each trial’s switch trial RT
with the individual’s average nonswitch RT. First, the RT data
were cleaned as described above, and the participants’ average
nonswitch RTs were calculated. The nonswitch means were
then subtracted from each switch trial RT, resulting in an RT
difference for each switch trial for each person. The differ-
ences from all of the participants’ accurate trials were then
binned according to their size, as shown in the top portion of
Fig. 3. The first decile of the differences between the
nonswitch RT means and each switch trial were assigned to
bin 1, the second decile were assigned to bin 2, and so on. This
resulted in ten equi-percentile bins, with responses in bin 1
exhibiting the least cost from a switch and bin 10 exhibiting
the most cost. Finally, all inaccurate trials, which had been
excluded during the binning process, were assigned a bin
value of 20. By giving errors an artificial assignment to bin
20, the bin score doubles the penalty for inaccurate responses,
relative to the worst correct trial values, and thus increases the
negative impact of errors to the participants’ bin scores. To
compute a participant’s final bin score, the bin labels assigned
to all of his or her RT differences were summed. This process
is illustrated for a hypothetical participant in the bottom por-
tion of Fig. 3.

Inverse efficiency score To calculate the inverse efficiency
scores, the RT data were cleaned as described above. Then,
separately for switch and nonswitch trials, inverse efficiency
was computed by dividing the mean RT by the mean accuracy.
The final inverse efficiency score was the difference between
the switch and nonswitch inverse efficiency subscores (i.e.,
switch inverse efficiency — nonswitch inverse efficiency). As
with the latency and accuracy switch-cost scores, a larger
(more positive) value indicated a larger cost to switching.

Data analysis

Reliability Internal consistency coefficients reflect how consis-
tently participants or examinees perform over a set of items
(Crocker & Algina, 2006). The internal consistencies of the rate
residual and bin scores were estimated with Cronbach’s coeffi-
cient alpha (Cronbach, 1951). Alpha was computed over each
participant’s residual terms (8 items) for the rate residual score
and the participant’s bin values (46 items) for the bin scores.
As was described above, the latency and accuracy switch-
cost scores and inverse efficiency scores are difference scores;
the reliability of a difference score is calculated using Eq. 5:
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Fig. 3 Schematic of the bin
scoring procedure. The top
portion of the figure shows the
distribution of switch reaction

Using the
whole sample:

times (RTs)-average nonswitch Tﬂ'i’;i i
RTs for the sample of participants. i “ ’ﬂ‘ﬁigi
The smallest differences are wi’ i i

placed in bin 1, the bin associated
with the least switch cost. The
largest differences are placed in
bin 10, the bin associated with the
greatest switch cost. Inaccurate
responses to switch trials are
placed in bin 20. In the bottom
portion, the score for 1 participant

Distribution of Switch RTs — Mean Non-Switch RTs

inaccurate
switch trials

et SN

least cost

greatest cost

is shown as a sum of each bin
label times the number of trials

+ x9 + @x9+ @x6+

(-] (-]
ne r For one X2 + "6
the participant had assigned to participant: Bin score
. 3 —3 3
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I —
>< 6 inaccurate trials

5 5 Relationship with an external criterion Further analyses com-

Popy = Pxx'Tx + Pyy 0y 2Pxy0x 0y (5)  pared the task-switching scores’ relationships with scores on

2 2 _
oy + 0y 2pyyoxoy

where p pp- is the reliability of the difference score (X — Y),
pxx and p yy- are the reliabilities of the components X and Y,
ox and oy are their standard deviations, and pyy is their
correlation (Zimmerman & Williams, 1982). To find the reli-
abilities of the accuracy switch-cost components (p yy+ and
Pyy), alpha was computed across response accuracy for the
46 and 98 switch and nonswitch trials. To find the reliabilities
of the RT means and inverse efficiency scores for each con-
dition (pxy- and pyy-), odd—even split-half’ estimates of in-
ternal consistency were used in place of coefficient alpha
because the exclusion of inaccurate trials resulted in each
participant having slightly different amounts and patterns of
missing data. There were 72 trials in the even-numbered and
odd-numbered test halves.

Assessing the impact of alternative scoring methods Two
methods were used to assess the ability of different scoring
methods to simultaneously incorporate both latency and ac-
curacy costs into one score. First, the relationship between the
latency switch-cost scores and the rate residual, bin, and
inverse efficiency scores were visually compared between
participants who experienced the lowest and highest levels
of accuracy switch costs. Second, the amount of variance in
rate residual, bin, and inverse efficiency scores explained by
latency switch-cost scores was compared with the amount of
variance explained by both latency and accuracy switch costs.

7 Correlation between scores based on odd-numbered and even-number
trials, corrected according to the Spearman—Brown predicton formula
(Brown, 1910; Spearman, 1910).
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the antisaccade analogue task—a measure of the related ex-
ecutive control function of inhibition. The relationships of the
traditional and proposed task-switching scores with the
antisaccade analogue score were examined using
Spearman’s rank correlation coefficient, p, to account for
any curvilinear relationships. Additionally, the amount of
variance in the antisaccade analogue scores explained by the
latency switch costs and accuracy switch costs (both separate-
ly and in combination) was compared with the amount of
variance explained by the rate residual, bin, and inverse effi-
ciency scores. To the extent that the alternate scoring methods
reduce measurement error by incorporating both latency and
accuracy into a single score, we should find a stronger rela-
tionship between the alternate scores and the antisaccade
analogue scores.

Assessing a switch and congruency interaction The final
analysis comparing the scoring methods assessed the extent to
which congruency effects were detected by each scoring meth-
od. The interaction between switch and congruency conditions
was assessed by applying the scoring methods to the button-
response congruent trials and to the button-response incongru-
ent trials separately. The differences between scores for the
congruent and incongruent conditions reflected the interaction
between switch and congruency conditions. Incorporating la-
tency and accuracy information into a single score, as in the
proposed task-switching scores, was hypothesized to increase
the power to detect such interactions. We expected to find larger
switch and congruency interaction effects when assessing the
effect size of the differences between congruent task-switching
scores and incongruent task-switching scores, as indicated by
Cohen’s d for correlated means.
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Results

Descriptive statistics for the task-switching scores and
antisaccade analogue scores are given in Table 1.
Descriptive statistics for overall accuracy and mean latencies
during the pure-condition test blocks are given in Table 2.

Reliability

The internal consistency estimates obtained for the latency
switch-cost scores, accuracy switch-cost scores, rate residual
scores, bin scores. and inverse efficiency scores are given in
Table 3. The accuracy switch cost had by far the poorest
internal consistency (o = .226). Note that the latency
switch-cost, rate residual, bin, and inverse efficiency scores
meet the suggested minimum of .70 for research and devel-
opment contexts and exhibited comparable levels of internal
consistency.

Assessing the impact of alternative scoring methods

To demonstrate the impact of the alternative scores, we exam-
ined the relationships of latency switch-cost scores to the three
alternative scores for participants exhibiting varying levels of
accuracy switch costs.

Figure 4 plots participants’ rate residual scores against their
latency switch-cost scores, for participants in the first and
fourth quartiles® of the distribution of accuracy switch-cost
scores. Participants in the first quartile, who exhibited the
smallest accuracy switch costs, tended to have larger rate
residual scores (i.e., smaller switch costs) than did participants
in the fourth quartile, who exhibited the greatest accuracy
switch costs. This tendency indicates that, for participants
with comparable latency switch-cost scores, the rate residual
score appropriately penalizes participants with greater accura-
cy switch costs by assigning them lower rate residual scores.
Similarly, Fig. 5 plots participants’ bin scores against their
latency switch-cost scores. Recall that, contrary to rate resid-
ual scores (where better task-switching ability is reflected by
larger scores), better task switching is indicated by smaller bin
scores. Participants in the first quartile tended to have smaller
bin scores than did participants in the fourth quartile, indicat-
ing that the bin score incorporated a penalty for participants
who exhibited greater accuracy switch costs, given compara-
ble latency switch costs. Finally, Fig. 6 plots participants’
inverse efficiency switch-cost scores against their latency
switch-cost scores. Participants in the first quartile tended to
have smaller inverse efficiency scores than did participants in
the fourth quartile, indicating that the inverse efficiency scores
incorporated a penalty for participants with a given level of

8 Participants in the middle quartiles were not plotted to highlight the
differences of the extreme groups and minimize over plotting.

latency switch cost who exhibited greater accuracy switch
costs.

The regression models showed whether differences in ac-
curacy switch costs explained differences in rate residual, bin,
and inverse efficiency scores above and beyond the contribu-
tion of latency switch costs. Table 4 provides the unstandard-
ized regression weights (B), their standard errors (SE), and the
change in the proportion of variance explained (R?) for the
regression models. In step 1 of the regressions, the models
included an intercept term and latency switch-cost scores.
Accuracy switch-cost scores were added to the model in step
2. When predicting rate residual scores, adding accuracy
switch costs as a predictor explained 3.3 % (p < .001) more
of the variance in rate residual scores than did latency switch-
costs alone. For bin scores, adding accuracy switch costs
explained 7.8 % (p <.001) more of the variance in bin scores.
For inverse efficiency switch costs, latency switch costs alone
accounted for 92.8 % of variance in the inverse efficiency
scores, but adding the accuracy switch-cost scores explained
an additional 4.4 % of unique variance. The large and signif-
icant increases in R for rate residual, bin, and inverse effi-
ciency scores demonstrate that, although latency switch costs
explain a large proportion of the variation in these scores,
additional unique variance can be explained by differences
in accuracy switch costs. The necessity of both latency and
accuracy switch costs for explaining variation in the rate
residual, bin, and inverse efficiency scores demonstrates that
the three alternative scores capture participants’ differences in
both latency and accuracy switch costs with a single measure.
Note, however, that bin scores had the largest amount of
unique variance explained by accuracy switch costs, suggest-
ing that bin scores may provide the best method for modeling
latency and accuracy differences in a single score.

Relationships with antisaccade analogue task performance

Table 5 provides the correlations between the task-switching
scores and the antisaccade analogue scores. The correlation
matrix shows that the relationships between the latency
switch-cost scores and the proposed task-switching scoring
methods were moderately-to-fairly strong. It is important to
note that the alternative scores maintained a strong relation-
ship with the traditional scoring method, providing conver-
gent validity evidence and indicating that they were able to
capture much of the individual variation measured by the
latency switch-cost scores. The accuracy switch cost’s smaller
correlations with the alternative scores are likely due to the
extremely low reliability of the accuracy switch-cost score.
Of greater importance were the differences in correlations
with the external criterion: antisaccade analogue scores. Table 5
shows that, of the five task-switching scoring methods ex-
plored, the traditional latency and accuracy switch-cost scores
had the weakest correlations with antisaccade analogue scores.
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Table 1 Descriptive statistics

Score N M SD Min Max Skew Kurtosis
Experiment 1
RT switch cost 1,902 418.85 173.08 5.87 1,204.05 0.52 0.09
Accuracy switch cost 1,902 0.02 0.04 —-0.10 0.20 0.78 1.48
Rate residual 1,902 0.00 1.27 —-3.50 5.55 0.38 0.37
Bin 1,902 289.87 66.58 105 513 0.21 —0.17
IES switch cost 1,902 448.04 197.03 7.02 1,288.55 042 0.24
Overall accuracy 1,902 0.96 0.03 0.81 1.00 —1.46 2.69
Overall mean RT 1,902 825.04 129.77 479.32 1,288.55 042 0.24
Antisaccade analogue 1,784 0.68 0.90 -1.70 3.37 0.25 —-0.29
Experiment 2
RT switch cost 46 62.66 33.60 3.95 167.67 0.95 1.02
Accuracy switch cost 46 0.17 0.10 —0.04 0.45 0.27 0.29
Rate residual 46 0.00 1.57 —4.85 327 044 0.19
Bin 46 1,432.26 172.05 1137 1958 0.65 0.43
Note. IES = inverse efficiency IES switch cost 46 32392 231.09 28.73 1,392.98 225 7.68
score. Experiment 1 skew SE = Overall accuracy 46 0.67 0.03 0.59 0.72 -0.29 —0.34
0.06, kurtosis SE = 0.11; Experi- Overall mean RT 46 429.37 74.58 330.73 711.37 1.34 2.78
ment 2 skew SE = 0.35, kurtosis Antisaccade analogue 44 0.70 0.93 -0.85 240 003 121

SE =0.69.

Although all three alternative scoring methods had stronger
relationships with the antisaccade analogue scores, as compared
with the latency and accuracy switch-cost scores, relationships
of similar magnitude were found for the rate residual scores and
the bin scores (rs = .280 and —.253, respectively), and these
correlations were larger than that found with the inverse effi-
ciency switch-cost score (» = —.208).

The results of regressing antisaccade analogue scores on
the switch-cost, rate residual, bin, and inverse efficiency
scores, provided in Table 6, also demonstrate the strength of
the relationship between performance on the antisaccade an-
alogue task and the task-switching task as scored using differ-
ent methods. The rate residual and bin scores performed the
best, since they explained more variance in the antisaccade
analogue scores (R”s = .079 and .064 for Models 2 and 3 in
Table 6, respectively”) than did the latency switch-cost scores,
the accuracy switch-cost scores, both the latency and accuracy
switch-cost scores, and both scores plus an interaction term
(st = .034, .015, .045, and .047 for models 1.1-1.4 in
Table 6, respectively). Unlike the rate residual and bin scores,
the inverse efficiency score (Model 4) failed to outperform
Models 1.3 and 1.4, with R* = .043, suggesting that the
inverse efficiency score may not adequately capture accuracy
switch costs in addition to latency switch costs.

The greater R?s of Models 2 (rate residual) and 3 (bin)
indicate that the rate residual and bin scores can explain
greater variance in antisaccade analogue scores than is

° As noted in the Discussion, the strengths of these relationships are
comparable to those found by Miyake et al. (2000), Friedman and
Miyake (2004), and Friedman et al. (2006).
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possible using the four combinations of latency and accuracy
switch-cost scores in Models 1.1-1.4. The greater reliability
of the rate residual and bin scores and the removal of the
systematic bias introduced by ignoring either accuracy or
latency costs likely strengthened the observable relationships
between the task-switching task and the antisaccade analogue
task (i.e., validity was enhanced).

Assessing a switch and congruency interaction

The Cohen’s d effect sizes and mean scores for congruent and
incongruent trials for each scoring method are provided in
Table 7."° Although each scoring method revealed an interaction
between switch and congruency, the effect size of the interaction
was larger for the rate residual and bin scores than for the latency,
accuracy, and inverse efficiency switch-cost scores. This indi-
cates that the proposed scoring methods had more power to
detect the interaction effect, likely because they combined two
sources of information (latency and accuracy costs) into a single
metric. Note that the inverse efficiency switch-cost score largely
failed to increase the power to detect this interaction effect.

Experiment 2

Experiment 2 explored the question of whether the alter-
nate scoring methods would provide increased reliability

19 The rate residual scores were based on regressions dividing the trials
into four, rather than eight, subsets of trials to maintain approximately the
same number of trials in the regressions after splitting the trials by
congruency. This was also done for the parallel analyses in Experiment 2.
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Table 2 Experiment 1 pure test
block descriptive statistics Condition Score N M SD Min Max Skew  Kurtosis
Odd-Even Overall accuracy 1,902 0.96 0.06 0.09 1.00  —5.68 53.80
Overall mean RT 1,902 563.47 83.88 39.41 1,008.41 0.37 3.69
High-Low  Overall accuracy 1,902 0.95 0.08 0.13 1.00  —497  30.79
Note. Skew SE = 0.06, kurtosis Overallmean RT 1,902  539.62 8657  52.56 936.09 0.3 339

SE =0.11.

and validity when a task manipulation encouraged par-
ticipants to commit more errors than in the previous
experiment. In Experiment 1, participants were
instructed to respond “as quickly and as accurately” as
they were able. As a result, the overall error rate was
relatively low (.04). Because the alternate scoring
methods were proposed to incorporate variation in ac-
curacy and accuracy switch costs, the high level of
overall accuracy likely led to an underestimation of
the extent to which the proposed scoring methods may
improve the measurement of task-switching ability. To
address this issue, Experiment 2 manipulated the degree
to which participants were encouraged to optimize speed
over accuracy. In this experiment, a response deadline
was set such that participants needed to respond within
a given time window, modeled after the methods of
Lien, Ruthruff, Remington, and Johnston (2005). This
manipulation was intended to encourage participants to
optimize their response speed, likely resulting in de-
creased response accuracy.

Method
Procedure

The task-switching and antisaccade analogue tasks were ad-
ministered during a single computerized session. The testing

Table 3 Internal consistency estimates

Score N Reliability
Experiment 1
RT switch cost 1,902 .859
Accuracy switch cost 1,902 226
Rate residual 1,902 854
Bin 1,902 .840
IES switch-cost 1,902 840
Experiment 2
RT switch cost 46 484
Accuracy switch cost 46 470
Rate residual 46 123
Bin 46 831
IES switch cost 46 .630

Note. 1ES = inverse efficiency score.

session took approximately 40 min. The task-switching task
was administered first, and the antisaccade analogue task was
administered second. Participants were compensated for par-
ticipating in the study ($20).

Participants

Participants were students at a local university. In total, 46
participants produced usable data (1 participant, 2.1 % of the
sample, was excluded from analyses for low overall RT and
accuracy in the task-switching task). The procedures used
were approved by a university human subjects’ IRB.

Materials

As in the previous experiments, all tasks were implemented in
E-Prime (version 2.0, Psychology Software Tools), and re-
sponses were recorded with a serial-port response box
(Psychology Software Tools).

Deadline task-switching task Stimuli and the response tasks
for the deadline version of the task-switching task were as
described in Experiment 1. As in Experiment 1, during the
mixed condition, participants were instructed to switch be-
tween tasks every three trials. In addition, task switches were
externally cued, with either a white or a gray background
square serving as a visual reminder of the to-be-completed
task. Participants were instructed that they would have a
deadline before which they needed to respond, described in
more detail below. Participants received feedback after every
trial throughout the practice and tests blocks, with a response—
stimulus wait-time of 100 ms. If the participant responded
correctly prior to the response deadline, a yellow smiley
face was displayed for 300 ms. If the participant
responded incorrectly prior to the response deadline, a
red frowning face was displayed for 850 ms, creating a
delay that encouraged participants to respond correctly
if possible. If the participant did not respond prior to
the response deadline, the message, “No response de-
tected. Please respond more quickly,” was presented for
850 ms, again creating a delay to encourage participants
to respond as quickly and as accurately as possible.

Response box templates were identical to those in
Experiment 1, and the assignment of button labels was held
constant across participants.
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Fig. 4 Reaction time (RT)
switch-cost scores by rate residual
scores. Participants with accuracy
switch costs in the first quartile
(exhibiting the smallest costs) are
plotted as circles and are
smoothed with a solid LOESS
(local regression) line.
Participants with accuracy switch
costs in the fourth quartile
(exhibiting the greatest costs) are
plotted as x’s and are smoothed
with a dashed LOESS line. Recall
that high levels of task-switching
ability are reflected by smaller RT
switch-cost scores and larger rate
residual scores.
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Fig. 5 Reaction time (RT)
switch-cost scores by bin scores.
Participants with accuracy switch
costs in the first quartile
(exhibiting the smallest costs) are
plotted as circles and are
smoothed with a solid LOESS
line. Participants with accuracy 400 -
switch costs in the fourth quartile

(exhibiting the greatest costs) are

plotted as x’s and are smoothed

with a dashed LOESS line. Recall
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Fig. 6 Reaction time (RT)
switch-cost scores by IES switch-
cost scores. Participants with
accuracy switch costs in the first
quartile (exhibiting the smallest
costs) are plotted as circles and
are smoothed with a solid LOESS
line. Participants with accuracy
switch costs in the fourth quartile
(exhibiting the greatest costs) are
plotted as x’s and are smoothed
with a dashed LOESS line. Recall
that high levels of task-switching
ability are reflected by smaller RT
switch-cost scores and IES
switch-cost scores.
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Participants first received instructions for the OE task
and then completed 8 practice trials with feedback, with
a fixed response deadline of 3,000 ms. Participants then
followed the same procedure for the HL task—instruc-
tions and 8 practice trials with feedback and a response
deadline of 3,000 ms. Then participants completed 48
mixed-condition block practice trials with feedback. The
response deadline decreased steadily over the mixed-
condition practice trials from 3,000 to 1,026 ms, de-
creasing by 42 ms each trial. Participants then complet-
ed eight mixed-condition test blocks of 48 test trials
each, with a short break between each block. Thus,
across the eight test blocks for the mixed condition,
participants completed a total of 120 switch trials and
264 nonswitch trials. The response deadline during the
mixed-condition test blocks was tailored to each partic-
ipant on the basis of the accuracy and speed of their
responses to nonswitch trials, separately for each condi-
tion (OE and HL). The initial response deadline for
every participant for each condition was 1,000 ms.
Following Lien, Ruthruff, Remington, and Johnston
(2005), the deadline was decreased when a participant
succeeded on two consecutive nonswitch trials of the
condition, and the deadline was increased when a par-
ticipant failed on a nonswitch trial. The increased dead-
lines were the product of the current deadline and the

T T T T
250 500 750 1000 1250
RT Switch-Cost Score

Accuracy Switch-Cost Quartile === 1st == 4th

ratio: (14 + block number) / (13 + block number). The
decreased deadlines were computed by dividing the
current deadline by the same ratio.

Each participant completed the trials in 8 stimulus
lists randomly selected from 20 possible pseudorandomized
lists. Test trials for the mixed-condition block stimuli lists
were pseudorandomized with the following constraints:

1) the same stimulus digit could not repeat across trials, with
at least two intervening trials before the digit could be
repeated;

2) the same target response button could repeat no more than
three times in a row;

3) no more than 5 trials in a row were button-response
congruent, such that the correct response would
require pressing the same button regardless of the
current task.

Antisaccade analogue task The antisaccade analogue task
was identical to that used in the previous experiment.

Scoring
The scoring methods were identical to those in the

previous experiment, with the exception of the rate
residual score due to the different number of trials in
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Table 4 Results of regressing rate residual, bin, and IES on switch costs

Predictor B (SE) AR?
Rate Residual
Step 1 823"
(Intercept) 2.778 0.032
RT switch cost —6.632x 107 7.060 x 107
Step 2 0337
(Intercept) 2.882 0.003
RT switch cost —6.501 x 10°  6.399 x 107
Accuracy switch cost —5.669 0.271
Total R? 856"
Bin
Step 1 783"
(Intercept) 147.310 1.863
RT switch cost —.340 0.004
Step 2 078"
(Intercept) 143.808 1.498
RT switch cost 0.330 0.003
Accuracy switch cost 456.347 14.050
Total R? 860"
IES Switch Cost
Step 1 928"
(Intercept) —11.348 3.171
RT switch cost 1.097 0.007
Step 2 044"
(Intercept) —19.160 1.976
RT switch cost 1.073 0.004
Accuracy switch cost 1018.000 18.530
Total R* 860"

Note. N =1,902. IES = inverse efficiency score.
" p <.001

this version of the task. Assigning the trials into eight
subsets (by test block) resulted in subsets containing 15
switch trials and 31 nonswitch trials.

Data analysis

Reliability The internal consistencies of the rate residual and
bin scores were estimated with Cronbach’s coefficient alpha.
Alpha was computed over each participant’s residual terms (8
items) for the rate residual score and the participant’s bin
values (120 items) for the bin score. To find the reliabilities
of the accuracy and latency switch-cost components and in-
verse efficiency components (pxx and pyy), a split-half
estimate of internal consistency was used in place of coeffi-
cient alpha, because the item covariance matrix was not in-
vertible, and the exclusion of inaccurate trials resulted in each
participant having slightly different amounts and patterns of
missing data. There were 192 trials in the even-numbered and
odd-numbered test halves.

Relationship with an external criterion The final analyses
comparing the scoring methods examined the relationships
of the task-switching scores with scores on the antisaccade
analogue task. The relationships of the latency and accuracy
switch-cost, rate residual, bin, and inverse efficiency scores
with the antisaccade analogue score were examined using
Spearman’s rank correlation coefficient.

Results

Descriptive statistics for the task-switching scores and
antisaccade analogue scores are given in Table 1. The accuracy
levels in this task were substantially lower than in Experiment 1
(67 %, vs. 96 %), indicating that the response deadline proce-
dure in Experiment 2 successfully induced a higher error rate.

Reliability

The internal consistency estimates obtained for the latency
switch-cost scores, accuracy switch-cost scores, rate residual

Table 5 Correlation between

task-switching and antisaccade Score Latency Accuracy Rate Bin IES Switch
analogue scores Switch Cost Switch Cost Residual Cost
Experiment 1
Accuracy switch cost® 098"
Rate residual® -907"" -270""
Bin® 885" 364" -.891"""
IES switch cost * 963" 303" -918"" 934"
Antisaccade analogue” -.185™" 121" 280" -253"" -208""
Note. IES = inverse efficiency Experiment 2
score. Accuracy switch cost® 211
an— bar— - . . ok
d]]\\/,__ {4’202’ N=1784,"N =46, Rate residual® 477 -.758
T Bin © 411" 924" -.830"""
p <.05 . c - ok ook -
e IES switch cost .389 .895 —.847 928
<
**f 01 Antisaccade analogue’ .098 210 124 —.060 .069
p <.001.
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Table 6 Results of regressing ] 5
antisaccade analogue scores on Predictor B (SE) R
task-switching scores
Switch-Costs
Model 1.1: RT switch cost 034"
(Intercept) 1.083 0.054
RT switch cost -9.631 x 107 1211 x 107
Model 1.2: ACC switch cost 015"
(Intercept) 0.727 0.023
Accuracy switch cost —2.647 0.515
Model 1.3: RT & ACC switch cost 045"
(Intercept) 1.101 0.055
RT switch cost -9.100 x 107 1211 x 10
Accuracy switch cost —2.269 0.509
Model 1.4: Interaction RT & ACC Switch-cost 047"
(Intercept) 1.154 0.063
RT switch cost -1.035 x 107 1.411 x 10
Accuracy switch cost —4.320 1.298
RT x accuracy switch cost 0.004 0.003
Rate Residual
Model 2: Rate residual 079"
(Intercept) 0.681 0.020
Rate residual .199 0.016
Bin
Model 3: Bin 064"
(Intercept) 1.674 0.093
Bin -3.427 x 107 3.110 x 10
IES Switch Cost
Note. Based on data from Exper- Model 4: IES switch cost 043"
iment 1, N = 1,784. IES = inverse (Intercept) 1.106 0.052
efficiency score. IES switch cost ~9.491 x 10°* 1057 x 10°*

" p <.001.

Table 7 Switch X congruency interaction effect sizes

Score Cohen’s d M
Congruent Incongruent
Experiment 1
RT switch cost 0.114 410.428 426.089
Accuracy switch cost 0.348 0.002 0.030
Rate residual 0.560 0.202 —0.131
Bin* 0.558 5.837 6.727
IES switch cost 0.298 420.458 476.773
Experiment 2
RT switch cost 0.333 57.359 72.995
Accuracy switch cost 0.503 0.147 0.198
Rate residual 1.586 0.695 —0.682
Bin® 2.050 10.319 13.539
IES switch cost 0.851 224.512 528.419

Note. 1ES = inverse efficiency score.

“Bin scores calculated as the average of bin labels, rather than sum of bin
labels, to account for unbalanced number of congruent and incongruent
trials.

scores, bin scores, and inverse efficiency scores are given in
Table 3. The accuracy switch-cost and latency switch-cost
scores had the poorest internal consistency (o = .470 and
484, respectively). Although neither meet the standards for
research or developmental purposes, this represents a mean-
ingful gain in reliability for accuracy switch cost and a mean-
ingful loss in reliability for the latency switch cost in the
presence of higher error rates, as compared with the previous
experiment. Two of the proposed scores demonstrated en-
hanced reliability—the bin score with a reliability of .831
and the rate residual score with a reliability of .723. Both
alternate scores met the reliability standards for research and
developmental purposes, whereas the inverse efficiency score
failed to do so with a reliability of .630.

Relationships with antisaccade analogue task performance
Table 5 provides the correlations between the task-switching
scores and the antisaccade analogue scores. The correlation

matrix shows that the relationships between the latency
switch-cost scores and the proposed task-switching scoring
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methods were moderate. Importantly, the relationships be-
tween the proposed task-switching scoring methods and the
accuracy switch-cost scores were strong, indicating that the
alternate scores successfully incorporated variation due to
differences in accuracy switch costs.

All of the scoring methods had undetectable relationships
with the antisaccade analogue scores, potentially due to a lack
of power given the sample size.

Assessing a switch and congruency interaction

The Cohen’s d effect sizes and mean scores for congruent and
incongruent trials for each scoring method are provided in
Table 7. Although each scoring method revealed an interac-
tion between switch and congruency, the effect size of the
interaction was larger for the rate residual, bin, and inverse
efficiency switch-cost scores than for the latency and accuracy
switch-cost scores. This supports the hypothesis that the alter-
nate scoring methods had more power to detect the interaction
effect because they combined two sources of information
(latency and accuracy costs) into one score. This pattern was
particularly important, given the higher error rates on the task-
switching task.

Discussion

Across two experiments, we examined three alternative scor-
ing methods to the traditional latency switch-cost score, which
takes reaction time, but not accuracy, into account, and the
traditional accuracy switch-cost score, which takes accuracy,
but not reaction time, into account. All of the alternative
scoring methods incorporate latency and accuracy information
into a single score. Comparisons of these scores with the
traditional methods, with respect to their reliability and inter-
nal and external validities, revealed several advantages of two
of the proposed scoring methods (the rate residual and bin
scoring methods). These advantages included superior reli-
ability and strengthened relationships with an independent
measure of executive control. Reliability differences were
even more striking in Experiment 2—where a variable re-
sponse deadline induced a higher error rate on the task-
switching task—with reliabilities for the bin scores remaining
in the .80 range, whereas traditional switch cost scores
dropped to the upper .40s. In both experiments, the rate
residual and bin scores were also better able to detect interac-
tions between task switch and congruency, as indicated
by larger effect sizes than for the latency, accuracy, and
inverse efficiency switch-cost scores. Overall, the results
of the present study support the use of either the rate
residual or the bin scores as measures of task-switching
ability that systematically account for switch costs to
both accuracy and response latency.

@ Springer

Across both experiments, the three alternative scoring
methods provided the most consistently reliable scores,
whereas the least reliable was the accuracy switch-cost scores.
Although the reliability of the latency switch-cost scores was
satisfactory in Experiment 1, its reliability plummeted in
Experiment 2 when participants demonstrated a much higher
error rate. This indicates not only that the alternative scoring
methods—particularly the rate residual and bin methods—
better incorporate both latency and accuracy information,
but also that these scoring methods are more robust to varia-
tions in the specific research paradigm employed within a
given experiment. Indeed, the high reliabilities of our pro-
posed scores across multiple paradigm variations give them an
advantage over the scores with lower reliabilities regardless of
the context of use (e.g., individual-difference research, exper-
imental research on component processes of task switching).
The error variance in the scores with lower reliabilities—such
as the latency and accuracy switch costs—will reduce their
validity as measures of task-switching ability, while also at-
tenuating their relationships with other variables. This is es-
pecially true of the accuracy switch-cost scores with their
unacceptably low level of reliability, a pattern that is only
somewhat attenuated as error rates increase and, importantly,
is accompanied by a decrease in the reliability of latency
switch costs. This is likely due to the fact that higher error
rates necessarily lead to fewer observations for latency switch
cost scores, since errors are typically excluded from such
scores. That is, separately analyzing latency and accuracy data
can, in fact, harm the reliability and (potentially) validity of
measurement of task performance. In contrast, the proposed
scoring methods mitigate this risk by successfully incorporat-
ing both accuracy and latency into a unified score. These
results suggest that researchers employing task designs where
participants tend to make errors would benefit from
employing rate residual or bin scores.

Experiment 1 demonstrated that the rate residual and bin
scores were better equipped than the traditional methods to
handle variation in both latency and accuracy switch costs.
Variance in rate residual and bin scores for participants with
similar latency switch-cost scores could be explained by dif-
ferences in those participants’ accuracy switch costs.
Experiment 2 also demonstrated that the rate residual and
bin scores captured accuracy switch costs with significant
and moderate-to-strong correlations between the two alternate
scores and accuracy switch-cost scores. This means that dif-
ferent levels of task-switching ability could appear as switch
costs in reaction time, accuracy, or a combination of both and
still be reflected by the rate residual and bin scores.

In addition to the advantages in reliability, the stronger
relationship between the antisaccade analogue scores and
task-switching performance provided a tangible demonstra-
tion of the most critical benefit of the rate residual and bin
scoring methods: they provide superior measurement of the
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underlying construct. As two measures of executive control
abilities, performance on the task-switching and antisaccade
analogue tasks was predicted to be moderately related. The
strength of the relationship between traditional latency switch-
cost scores and antisaccade analogue scores was similar to
those found by Miyake et al. (2000), Friedman and Miyake
(2004) and Friedman et al. (2006), who found correlations of
.17, .25, and .23, respectively, between antisaccade analogue
and similar task-switching tasks. To increase the likelihood of
detecting a small effect such as this, task-switching scoring
methods should incorporate all sources of variance that reflect
task-switching ability. Although the relationships were weak,
the rate residual score and bin scores were more highly related
to the antisaccade analogue scores. In Experiment 1, correla-
tions were larger in magnitude than those found with the
latency switch-cost scores. However, we note that this benefit
to validity was not consistently found in Experiment 2 involv-
ing higher error rates. Curiously, none of the correlations
between the task-switching and antisaccade analogue scores
reported in Experiment 2 were statistically significant, which
is unexpected in light of published results (e.g., Miyake et al.,
2000) and should be followed-up with experiments intended
to compare these variables at the construct level (i.e., using
latent variable analysis). Some correlations reported in
Experiment 2 are relatively large, but the pattern appears
random; our interpretation is that these are spurious due to
small sample size.

Finally, the switch-by-congruency interaction effect analy-
ses showed that these two alternate scoring methods were able
to detect larger interaction effects than either the latency or
accuracy switch costs alone. In particular, both the rate resid-
ual and bin scores consistently outperformed the traditional
switch-cost scores, as well as the inverse efficiency switch-
cost score, revealing larger effect sizes in both experiments.
These results show that these two proposed scores are able to
meaningfully combine information about latency and accura-
cy switch costs to provide a score that more powerfully
reflects differences in task-switching ability. Researchers
who utilize the rate residual or bin scores will be able to better
reflect differences in performance costs across participants
and experimental conditions. This could be especially impor-
tant in studies with low power due to a small sample size and/
or a focus on an effect that is small in magnitude and, there-
fore, more difficult to detect.

Taken together, the pattern of results across both experi-
ments indicates that the use of rate residual or bin scoring may
more accurately measure the underlying task-switching con-
struct by capturing an additional, construct-relevant source of
variance: accuracy switch-cost differences. Moreover, these
two proposed scoring methods provided superior measure-
ment qualities relative to the proposed inverse efficiency
scoring method, although the inverse efficiency method did
offer improvements over the traditional latency and accuracy

switch-cost scores. Given the importance of scoring metrics
for both reliability and validity, future research should com-
pare the two proposed methods with the inverse efficiency
scoring method across a wider range of experimental para-
digms. But it is clear that any of the three alternative methods
is superior to the traditional scoring methods, and therefore
researchers are encouraged to employ the rate residual or bin
scoring methods in order to provide more precise measure-
ment of task-switching performance.

It is critical to recall that these alternative scoring methods
capture variance in performance from the very same task and
do not require modifications to the research design. Indeed,
the proposed scoring methods could be applied to existing
data (sample scoring code provided as supplemental material)
or be implemented alongside the traditional latency switch-
cost score (as we have done here) in future studies to confirm
that their more robust results generalize to other samples and
research designs.

This study focused on two specific variants of the task-
switching paradigm. Some task variants may measure task-
switching ability better than others and/or tap into different
aspects of task-switching ability in a way that is important to
theory development. Indeed, a popular line of research is to
compare different variants of the task to test specific predic-
tions regarding the underlying processing mechanisms
supporting performance. For example, previous research ex-
amining different cue—target intervals has found that longer
cuing intervals typically reduce the magnitude of switch costs
sharply (Meiran, 1996; Meiran, Chorev, & Sapir, 2000). The
present results suggest that either of the proposed scoring
methods could enhance measurement of task performance at
different cuing intervals. Nonetheless, since different cuing
intervals can lead to different patterns of results, we note that
further research could be fruitful in determining whether vary-
ing the cue interval differentially affects the reliability and
validity of the alternate scoring methods.

Previous research suggests that the specific task-switching
variant can have significant consequences on the measure-
ment of task-switching performance. For example, the alter-
nating runs switching design used here may lead to inflated
latency switch costs, due to the presence of a “restart cost”
associated with the start of a new run (e.g., Altmann, 2007).
Indeed, this is a serious issue to be considered by researchers
studying task-switching performance. The present results in-
dicate that researchers should consider both the task design
and the scoring methods to optimize measurement of task-
switching performance.

The goal of this article was to identify scoring methods that
best measure task-switching performance to provide more
reliable and valid indicators of task-switching ability across
variants of the paradigm, rather than specific to a particular
experimental design. The three scoring methods were selected
to attempt to incorporate both accuracy and latency
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information into one indicator of task performance.
Specifically, we set the parameters of the scoring methods—
particularly for the bin scores—to integrate the traditional cost
for slower responses (i.e., longer latencies) with a cost for
inaccurate responses (i.e., a penalty for errors). There may be
other methods for penalizing inaccurate responses, and future
research might compare possible alternatives with the
methods proposed here. These scoring methods have utility
both for researchers employing individual-difference
methods—where a single indicator of task-switching ability
is needed—and for those examining the effects of experimen-
tal manipulations on task performance. Future research could
examine whether these scoring methods show similar benefits
to task performance measurement across other variants to
determine the robustness of these methods.

Conclusions

We examined alternatives to the traditional latency switch-cost
scoring method across two variants of the task-switching para-
digm. Results indicate that latency and accuracy switch-cost
scores are less reliable than the alternative methods and, criti-
cally, are negatively affected by ignoring costs in accuracy and
latency, respectively. Rate residual and bin scores provided
better alternatives that were consistently reliable and more
capable of capturing both accuracy and latency costs in a single
score, thereby enhancing validity of construct measurement.
Unlike the rate residual and bin scores, the inverse efficiency
switch-cost score failed to consistently outperform latency and
accuracy switch costs in our validity comparisons. Researchers
should implement either rate residual or bin scores to improve
measurement of task-switching ability, to optimize the likeli-
hood of detecting relationships between task-switching perfor-
mance and other variables of interest and to optimize the
likelihood of detecting interaction effects within the task—all
of which are critical to advances in theoretical models of task
switching and executive control functions more broadly.
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