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It has long been thought that language and executive
regulation of thought and action are intricately linked.
The Russian psychologists Lev Vygotsky and Alexander

‘Luria (1994) proposed a relationship between the two as

follows:

Thanks to the planning function of speech, geared to the
child’s activity, the child creates, parallel to the stimuli of his
environment, a second series of auxiliary stimuli standing
between him and his environment and directing his behavior.
And it is due to this very secondary series of stimuli, created
with the aid of speech,; that the behavior of the child reaches
a higher level, acquiring a relative freedom from the situa-
- tion that directly attracts it, and impulsive attempts are trans-
formed into a planned, organized behavior. (p. 111)

While certainly intriguing, research that provides a di-
rect test of this rather broadly conceived language—control
relationship is scarce. During recent years, however, em-
pirical studies have begun to look at the role of verbal
processing in executive control in the context of the so-
called task-switching paradigm (Baddeley, Chincotta, &
Adlam, 2001; Emerson & Miyake, 2003; Saeki & Saito,
2004a). Generally, this paradigm involves a comparison
between trials, or blocks of trials, in which tasks need to
be switched with trials, or blocks of trials, in which tasks
repeat (see, e.g., Jersild, 1927; Spector & Biederman,

We thank Christina Ryder, Colin Maxwell, and Jennifer DeCosta for
their help in running the participants in the experiments and Michael

" Anderson, Edward Awh, Jeffery Cottrell, and Keith Gordon for helpful

comments, Correspondence concerning this article should be sent to
U. Mayr, Department of Psychology, 1227 University of Oregon, Eu-
gene, OR 97403-1227 (e-mail: mayr@darkwing.uoregon.edu).

On the role of verbalization
during task set selection:
Switching or serial order control?

RICHARD L. BRYCK and ULRICH MAYR
University of Oregon, Eugene, Oregon

Recent task-switching work in which paper-and-pencil administered single-task lists were compared
with task-alternation lists has demonstrated large increases in task-switch costs with concurrent ar-
ticulatory suppression (AS), implicating a crucial role for verbalization during switching (Baddeley,
Chincotta, & Adlam, 2001; Emerson & Miyake, 2003). Experiment 1 replicated this result, using com-
puterized assessment, albeit with much smaller effect sizes than in the original reports. In Experiment 2,
AS interference was reduced when a sequential cue (spatial location) that indicated the current posi-
tionin the sequence of task alternations was given. Finally, in Experiment 3, switch trials and no-switch
trials were compared within a block of alternating runs of two tasks. Again, AS interference was ob-
tained mainly when the endogenous sequencing demand was high, and it was comparable for no-switch
and switch trials. These results suggest that verbalization may be critical for endogenous maintenance
and updating of a sequential plan, rather than exclusively for the actual switching process.

1976). The difference between switch and no-switch tri-
als has been termed the swirtch cost. The observed costs
can be substantial in size and are often thought to reflect
the additional executive control demands needed to re-
configure the cognitive system to currently relevant task
demands (e.g., Gehring, Bryck, Jonides, Albin, & Badre,
2003; Mayr & Kliegl, 2000; Meiran, 1996; Rubinstein,
Meyer, & Evans, 2001).

To test the role of speech in executive control, investi-
gators have used an articulatory suppression (AS) task,
requiring the continued repetition of a familiar word or
sequerice (e.g., the), concurrent with performance in a
task-switching paradigm. AS is thought to impair artic-
ulatory processing selectively, while leaving executive
control processes proper relatively unaffected (Baddeley,
Lewis, & Vallar, 1984). Thus, a finding of selective AS
interference on switch costs would suggest a role for an
important subcomponent of verbal processing, articula-
tion, during task switching.

Baddeley et al. (2001) were the first to investigate AS
effects on switching, using paper-and-pencil adminis-
tered lists in which participants either had to alternate be-
tween simple addition and subtraction problems within a
list or had to alternate between pure addition and pure
subtraction lists. A highly reliable, negative effect of a
simple AS task (repetition of the) was found with the al-
ternation lists, but only when the stimuli were bivalent—
that is, when they did not contain the corresponding op-
erator signs (i.e., + or —) and were, therefore, perceptually
ambiguous as to which task was relevant on any given
trial. It is generally thought that endogenous control dur-
ing task switching becomes relevant only in such am-
biguous situations (Mayr, 2001; Rogers & Monsell, 1995).

611 Copyright 2005 Psychonomic Society, Inc.
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This result is therefore consistent with the idea that ar-
ticulation may be critical during endogenous control.
Accordingly, the elevated switch costs during AS condi-
tions (hereafter referred to as the A4S effect) can be taken
to suggest that verbalization plays a critical role in the
switching process.

A similar study by Emerson and Miyake (2003) used
the same [ist paradigm and successfully replicated Bad-
deley et al.’s (2001) finding of increased switch costs
under AS. Elevated switch costs were seen under AS, even
when compared with a.secondary-task control condition
(not thought to interfere with normal verbal processing)
in which participants were required to tap their foot while
performing the arithmetic problems. Generally, similar
results were reported by Saeki and Saito (2004a), again
using a list paradigm.

Although these results suggest a role for verbal pro-
cessing during executive task management, they do not
provide a precise characterization of its functional sig-
nificance. Specifically, the blocked comparison between
pure alternating and pure nonalternating lists of trials
confounds two aspects of task selection costs. It has been
repeatedly noted that in addition to the costs that emerge
at transition points between tasks (local switch costs),
the mere fact of having to deal with two different tasks
within the same context produces costs that are apparent
even on no-switch trials (global switch costs or mixing
costs; see, e.g., Fagot, 1995; Kray & Lindenberger, 2000;
Mayr, 2001). This has led some authors to draw a con-
ceptual distinction between a task/goal decision stage,
required on all trials, and the process of configuring the
cognitive system when a change in task becomes neces-
sary, with only the latter being required on switch trials
(e.g., Fagot, 1995; Rubinstein et al., 2001).

In principle, verbalization may be involved in either
of the two components. For example, some authors have
argued that a large component of local switch costs sim-
ply reflects the long-term memory retrieval of task rules
(e.g., Mayr & Kliegl, 2000, 2003) and that this process
may rely on verbal self-cuing (Emerson & Miyake, 2003).
In contrast, the global cost could reflect the working
memory demands imposed by having to maintain and
decide between two competing tasks. Thus, the observed
AS effect on switch costs may simply reflect increased
demands on a general working memory resource during
task switching (but see Mayr, 2001). A more interesting
possibility is suggested by a close examination of the
task-switching paradigm used by Baddeley et al. (2001)
and Emerson and Miyake (2003; see also Saeki & Saito,
2004a). In the case of alternating lists and bivalent stim-
uli, participants switch between tasks in a manner that
requires on-line control of the relevant serial order of
tasks. Language, which is inherently sequential in nature,
may fulfill this rather specific serial order control func-
tion. In fact, this hypothesis seems to be highly consis-
tent with how both Baddeley et al. (2001) and Emerson
and Miyake (2003) interpreted their results for AS ef-
fects on switch costs.

Our goal in the present series of experiments was to
assess the role of articulation during task-switching sit-
uations and, in particular, to test the idea that the critical
function might be the endogenous sequencing of tasks.
However, we began in Experiment 1, with an attempt to

" replicate the basic AS effect on switch costs by using a

refined version of the blocked switching paradigm that
eliminates certain problems present in the paradigm used

. by Baddeley et al. (2001) and Emerson and Miyake (2003).

EXPERIMENT 1

One noteworthy aspect of the AS effect on switch
costs reported by Baddeley et al. (2001) and Emerson
and Miyake (2003) is the size of the effect. For example,
Emerson and Miyake’s study showed the articulatory
suppression effect on switch costs to range from a 59%
to a 150% increase, as compared with switch costs in the
control condition. Although it is certainly not the case
that only large effects imply that a crucial process is af-
fected by a secondary-task manipulation, in cases in
which such large effects do occur, it seems tempting to
interpret them in terms of a very important, perhaps even
necessary, processing component.

It is possible that the large effects shown in the earlier
work were related to the way switch costs were assessed.
Inboth Baddeley et al.’s (2001) and Emerson and Miyake’s
(2003) studies, a paper-and-pencil assessment was used
that allowed scoring of response times (RTs) only for the
whole list, and not for individual trials. Errors usually
elicit additional post-error processing (see, e.g.,
Gehring, Goss, Coles, Meyer, & Donchin, 1993), and
this should be particularly true in lists of alternating tri-
als where each error may require the participants to repo-
sition themselves appropriately within the task sequence.
In other words, the existing data allow no firm conclu-
sions regarding the temporal aspects of the AS effect; in
principle, the observed RT effect may be driven com-
pletely by an increase in errors within alternation blocks.
Such errors, in turn, may very well reflect failures in
maintaining the adequate task sequence. '

We therefore attempted to replicate the AS effect on
switch costs, using a computerized presentation mode
that allowed for trial-by-trial measurement of RTs and
errors. To adapt the tasks used by Baddeley et al. (2001)
and Emerson and Miyake (2003) to a computerized pro-
cedure, we used a verification task in which participants
made yes/no judgments, instead of the production method
of handwriting an equation’s answer. Despite the afore-
mentioned limitations, we retained the blocked compari-
son between switch and no-switch conditions from the pre-
vious studies (Baddeley et al., 2001; Emerson & Miyake,
2003), so as to not change too many aspects in a single
step. .
Aside from these changes, the design was very simi-
lar to that in Emerson and Miyake (2003). We used an AS
task in which participants repeated the word the in time
with a metronome, in an attempt to interfere with normal
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articulatory processing in working memory. We also
used another secondary task, foot tapping, intended to
control for potential, unspecific dual-task costs. In addi-
tion, there was a no secondary-task control condition. Fi-
naily, we also compared lists of bivalent stimuli (i.e.,
stimuli with no operators) with lists of univalent stimuli

(i.e., stimuli with operators), in order to séparate AS ef- .

fects on endogenously driven processes from effects on

-exogenously driven processes.

Method

Participants. Experiment 1 included 24 participants, who were
compensated with course credit or monetary payment ($7) for par-
ticipating in the study.

Tasks and Stimuli. The participants were required to make ver-

ification judgments to simple arithmetic equations presented within

a central frame on the screen. Each equation contained a single-
digit number (2-9), to which a single digit (either 1 or 2) could be
either added or subtracted. The participants were instructed to make
a speeded keyboard response (/> for correct or “z” for incorrect)
to a probe number indicating the potential answer to the problem.
Fifty percent of the probes were correct (e.g., S — 1 = 4), and the

otlier 50% were incorrect (e.g., 5 — 1 = 6). Half of the mcorrect ‘

probes were the cortect answer for the opposite task (e.g., 5 — 2 =
7); the other half of incorréct probes were the correct answer for the
opposite modifier (€.g., 5 — 1 = 3). The response-to-stimulus in-
terval (RSI) was set to 50 msec for half of the participants and to

250 msec for the other half of the participants so that there were

12 participants in each RSI condition.!

The participants performed the arithmetic problems under three :

different conditions. In the AS condition, the participants were re-
quired to repeat the word the once pet beat of a-metronome set to

120 beats per minute. The. foor-tapping condition was designed as’

a.dual-task control to the AS. condition, in’ that it provided-an ap-
proximately equal levél of dual-task interference, yet was not thought
to interfere with phonological processing (Emerson & Miyake,
2003). In this condition, the participants were required to tap their
dominant foot on a metal pan in time with the metronome (set to the
same pace as in the AS condition). The third condition was the no-
secondary-task control condition. Here, the metronome beat was
present but was irrelevant for the task. An experimenter was pres-
ent at all times to monitor both the accuracy and the timing of the
participants’ secondary-task performance. Experimenters also at-
tempted to monitor the participants’ responsg rates so that they did
not synchronize their keypresses with the timing of the metronome.

For half of the blocks, the appropriate operator (plus or minus
sign) was displayed on the screen (i.e., univalent stimuli). For the
other half of the blocks, the operators were absent from the display
(i.e., bivalent stimuli). Like previous studies, the switch variable
was manipulated in a blocked manner. In other words, half of the

. blocks were no-switch ( pure) situations in which all the arithmetic

problems were either addition or subtraction (with equal numbers
of each presented throughout the experiment for each participant);
the other half of the blocks were switch (mixed ) situations in which

the participants were required to alternate between addition and -

subtraction problems throughout the block.

The stimuli were displayed on 800 X 600 resolution Macintosh
computers, using PsyScript software (Bates & D’Oliveiro, 2003):
Each digit in the stimulus display was about 9 mm high X 6 mm
wide. The stimuli appeared at a viewing distance of about 60 cm.

Procedure. Twelve unique block types were constructed by
crossing the three secondary-task variables (AS, foot tapping, or
control) with the two types of stimulus ambiguity (univalent or bi-
valent) and the two switch conditions (no switch er switch); each
block contained 12 trials. These 12 block types were cycled through
six times within the experiment. Within each cycle, no-switch and

switch blocks for a given stimulus ambiguity X secondary-task
constellation were always presented in back-to-back pairs. Across
the six cycles, the order in which switch and no-switch trials were
presented was counterbalanced. Within each switch/no-switch pair,
the no-switch block required either addition only or subtraction
only. However, whether addition or subtraction served as the no-
switch task for a particular stimulus ambiguity X secondary-task
constellation was balanced across cycles, within each participant.
In total, there were 864 total trials in this experiment (12 block
types X 12 trials each X 6 cycles).

The stimuli were presented within a single, centrally located box.
For switch blocks, the order of tasks rémained constant throughout the
experiment, always starting with addition and alternating operations
on each trial (i.e., addition, subtraction, addition, subtraction, . . .).

The experiment began with instructions regarding the primary
tasks and then with 24 practice trials of bivalent stimuli (with no
secondary task); half of the trials were in a no-switch block, and the
other half were in a switch block. The participants received further
practice during the first iteration of the experiment by performing
a short practice-block (6 trials each) before each of the 12 block
types. In addition to providing practice with the secondary tasks,

these practice blocks familiarized the participants with each of the
- 12 block types and the differential demands of univalent versus bi-
_ valent stimuli. The participants were also given the chance to prac-

tice each of the secondary tasks alone, in time with the metronome,
before each short practice block. This allowed them to familiarize
themselves with the metronome beat, without the added dual-task
difficulty of the arithmetic problems. '

In the event of an inaccurate response, auditory feedback was pre-

sented. In the case of bivalent stimuli blocks, the correct task cue

(+ or =) was also-shown. After aminimum delay of 1 secanda key-

_press, the block continued. The patticipants were instructed to pre-
: pare for the next trial in the sequence if they made an error. -

' Results

" Mean RTs and mean percentage of errors were calcu-
lated for each of the 12 critical conditions across partic-
ipants. The initial practice block and the subsequent
12 short practice blocks were excluded from all the analy-
ses. Trimmed means were calculated by excluding any
trials that were 2.5 standard deviations above or below
each participant’s mean in each of the 12 conditions.
This trimming resulted in the loss of 2.9% of the data.
The first trial in a block was also taken out of the analy-
sis, because it was neither a true no-switch nor a switch
trial, as were error trials and trials after errors.

To analyze the data, we used an analysis of variance
(ANOVA) that included the switch variable (switch vs.

no switch), the ambiguity variable (univalent vs. biva-

lent), and two nonorthogonal contrasts to characterize
the secondary-task effects. The first contrast compared
the control condition with the foot-tapping condition
(foot-tapping contrast); the second, critical contrast com-
pared foot tapping with AS (AS contrast). Splitting the
three-level secondary-task variable into these two con-
trasts allowed targeted assessments of (1) unspecific
secondary-task effects through the foot-tapping contrast
and (2) the specific effects of AS, relative to foot tap-
ping, in the AS contrast. Analyses with these two con-
trasts are identical with two separate 2 X 2 X 2 ANOVA
for all effects that involve these two contrasts, whereas
all the remaining effects are tested across the three
secondary-task groups contained in the overall design.
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Figure 1. Mean response times (RTs, top) and percentages of
error (bottom) for Experiment 1 as a function of switch/no switch,
stimulus ambiguity, and secondary-task condition. Error bars re-
flect one standard error of the mean.

The relevant RTs and error scores are presented in
Figure 1; the results of the statistical analysis are con-
tained in Table 1. In addition, switch costs for all the ex-
periments combined are presented in Table 2. We will
focus here and throughout on the theoretically relevant
effects and will discuss additional effects and lower order
interactions only as they qualify the critical effects. As
can be seen from Figure 1 and Table 2, we were able to
replicate typical task-switching effects: We obtained
substantial switch costs for both RTs and errors, and
these were s1gn1f1cantly larger for bivalent stimuli (see
Table 1).

The primary question is to what degree switch costs
are affected by the secondary tasks. As can be seen in
both Figure 1 and Table 2, foot tapping did not lead to an
increase of switch costs, e1ther for RTs or for errors (in
fact, for RTs the effect was in the opposite direction).
However, for the AS condition, switch costs increased
reliably for both RTs and errofts, as compared with foot
tapping. Critically, this effect was specific to the biva-
lent stimulus condition. The corresponding interaction
between the AS contrast, switch, and stimulus ambigu-
ity was reliable both for RTs and errors (see Table 1).

Discussion

The results of Experiment 1 replicate and extend the
previous work on the effects of AS on task switching
(Baddeley et al., 2001; Emerson & Miyake, 2003). AS
affected switch costs beyond the costs produced through
anonverbal secondary task. Furthermore, this effect was
limited to situations in which endogenous control was
necessary—that is, when the stimuli where bivalent. Im-
portantly, this effect was obtained despite considerable
changes to the paradigm (i.e., verification, rather than
production procedure, and computerized testing).
" The AS effect on switch costs was, however, consider-
ably smaller than that found in the eatlier studies (Badde-
ley et al., 2001; Emerson & Miyake, 2003). For example,
RT switch costs in the present experiment increased by
23% as a function of AS; whereas the corresponding val-
ues for Emerson and Miyake ranged from 59% to 150%.

One possible reason why AS effects on RTs were rel-
atively small was raised in the review process and is re-
lated to our use of a verification task (rather than a pro-
duction task, as in previous studies). For a verification
task to work in a task-switching situation, it is necessary
to include foils that constitute correct answers to the cur-
rently irrelevant task (e.g., 6 — 3 = 9). However, such
foils are known to produce a Stroop-like interference ef-
fect and, therefore, may have increased the tendency to
make errors that otherwise might have shown up as longer
RTs (see, e.g., Zbrodoff & Logan, 1986). To examine
this possibility, we reanalyzed the results in Experiment 1

Table 1
Analysis of Variance Table for Experiment 1 ‘
RT : Error
Analysis and Source of Variance F MS, p F MS, )4
Ambiguity 60.82 399,843 .000"* 75.62° 102 T 000
Control vs. foot tapping (C1) 1.36 200,530 .256 535 56 .030*
Foot tapping vs. suppression (C2) " 1.80 259,065 193 8.42 86 .008**
Switch _368.64 265,761 .000** 166.26 159 .000**
Ambiguity X Cl - 445 54,670 .046* 1.82 52 190
Ambiguity X C2 11.82 48,770 .002** 7.24 44 .013*
Ambiguity X switch 75.52 204,749 .000** 55.73 90 .000**
Switch X C1 4.96 44,001 .036* 0.06 75 .802
Switch X C2 19.67 53,711 .000** 13.48 43 .001**
Ambiguity X switch X Cl 0.19 27,058 667 0.21 60 .651
Ambiguity X switch X C2 4.49 31,096 .045° 5.79 63 .025*

Note—C1 = Contrast 1 (foot-tapping contrast), which compared control (no secondary task) and foot tapping; C2 =
Contrast 2 (AS contrast), which compared foot-tapping and articulatory suppression secondary-task conditions. De-

grees of freedom (df) for all conditions were 1,23.

*p<.05.

**p<.01.
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Table 2 -
Summary of Descriptive Statistics for Switch Costs for Each Experiment and Secondary-Task Condition

Control Foot Tapping Articulatory Suppression
RT Cost Error Cost RT Cost Error Cost RT Cost Error Cost
. (msec) (%) (msec) (%) (msec) (%)
Condition M SD M SD M SD M SD M SD M SD
Experiment 1: Local Switch Costs

Uni 217 67 3.05 2.54 162 88 291 3.74 229 121 3.43 3.60
Bi 450 176 6.08 520 409 159 6.67 4.05 552 232 11.09 525

] Experiment 2: Local Switch Costs
Low Seq 368 181 3.20 346 435 246 7.08 5.92 514 228 713 441
High Seq 460 184 5.54 522 531 243 10.05 485 579 224 16.13 8.29

Experiment 3: Local Switch Costs

Low Seq, Uni 84 98 0.72 2.86 108
Low Seq, Bi 151 148 2.34 6.31 168
High Seq, Uni 85 114 1.35 3.29 73
High Seq, Bi 216 146 1.07 3.12 243

130 1.25 4.32 57 136 2.12 5.49
125 4.58 4.58 225 193 2.98 3.55
111 1.77 3.48 107 . 145 127 4.90

170 2.25 4.90 264 231 249  4.69

Experiment 3: Global Switch Costs

Low Seq 146 128 1.89 - 3.34 176
High Seq- 182 169 2.60 3.60 179

136 2.36 2.51 189 154 1.56 242
156 3.85 4.08 173 184 572 474

"Note-—Uni, univalent stimuli; Bi, bivalent stimuli; Low Seq, low sequencing load; High Seq, high sequencing load; local switch
costs, difference between switch and no-switch conditions; global switch costs, difference between bivalent and univalent con-

ditions (collapsed across no-switch and switch conditions). _

after eliminating trials with the Stroop-like foils. Switch
costs were generally smaller in this situation (by about
50 msec), but the AS effect on switch costs was almost
identical whether or not the Stroop-like foils were in-
cluded (without foils, 113 msec; with foils, 102 msec).
(We repeatéd this analysis for Experiments 2and 3, with
very similar results). '

As was mentioned in the intreduction to this experi-
ment, another possible reason for the difference in switch
costs across experiments is that post-error recovery pro-
cesses, which may have inflated switch cost estimates in
the blocked switching paradigm, do not affect switch
costs in the computerized paradigm. Unfortunately, we
cannot directly test this hypothesis, because we did not
record the time the participants spent processing the vi-
sual realignment aid we provided in case of an error.
However, in principle, it is an interesting and easily testable
idea that AS interferes specifically with participants’ at-
tempts to reestablish the adequate sequential plan after
errors. '

Finally, a third possibility is that the difference between

- pure lists of arithmetic production (e.g., addition only)

and an alternation situation may constitute a particularly
strong contrast between highly automatized processing,
on the one hand, and controlled processing, on the other.
After all, simple arithmetic production is extremely
overlearned, and for that very reason, the constant inter-
ruption of automatic processing, as required in the alter-
nation condition, may be particularly hard. In contrast,
for the verification task, even pure-list situations are less
automatic, because they contain an arbitrary stimulus—
response component {e.g., pressing one key for correct,
the other for incorrect problems). Note that even pure-
list RTs were relatively long. Thus, in comparison with an

arithmetic production task, the addition of active, top-
down sequencing processes may be lower when going
from pure list to alternation, simply because, to some de-
gree, these processes are already required for the pure
verification lists.

Irrespective of the question of the size of the AS ef-
fect, the fact that we were able to establish the basic AS
effect on switch costs within our paradigm reinforces the
hypothesis of a relationship between language processes
and executive control. The aim of the next experiment
was to provide a more detailed characterization of this
relationship.

EXPERIMENT 2

In Experiment 2, we attempted a direct test of the hy-
pothesis that verbal processing serves a sequencing func-
tion during task switching. We used the blocked switching
paradigm, as in Experiment 1; in addition, we manipulated
the sequencing demand through spatial sequence cues.

In the low-sequencing condition, two boxes of equal
area were presented side by side. Starting in the left box,
stimuli alternated between each box on every trial. Thus,
during switch blocks, each task appeared in a unique lo-
cation, allowing for exogenous cuing of the relevant task
(i.e., addition was always on the left). Although the par-
ticipants still had to switch between task rules endoge-
nously in this situation (assuming bivalent stimuli), in-
‘ternal sequencing of tasks was not necessary. It is important
to note that similar kinds of external sequencing aids
have been used routinely during task-switching studies,
in order not to confound switching demands with the de-
mands of maintaining an adequate task sequence (see,
e.g., Mayr & Kliegl, 2000; Rogers & Monsell, 1995).

]
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We contrasted this condition with a high-sequencing
condition, which was basically identical to the situation
in Experiment 1, that contained only one centrally pre-
sented box for stimulus presentation. Here, no external
information regarding the task order was provided, so
that the adequate sequence had to be maintained and up-
dated internally. The only other change in design for Ex-
periment 2 was the removal of the stimulus ambiguity
variable, in order to accommodate sequencing demand
as a within-subjects variable. Thus, only bivalent stimuli
were used here.

Method :

Participants and Design. The participants were 24 students re-
cruited from the University of Oregon community. Compensation
for participation in the study was either course credit or $7.

Tasks and Stimuli. The same tasks and stimuli were used as in
Experiment 1. However, only bivalent stimuli were presented, and the
sequence load was manipulated in a within-subjects manner. This
was done by presenting stimuli that appeared in one central box
only (high sequencing load) or stimuli that alternated between two
side-by-side boxes (low sequencing load).

Procedure. The procedure for Experiment 2 was identical to that

in Experiment 1, except that the stimulus ambiguity variable was re-
placed by the sequence load variable. For each participant, high or

~ Low sequencing load
1,800

low sequencing load blocks were presented during either the first or
the second half of the experiment (the order was counterbalanced
evenly across participants). Within these two halves of the experi-
ment, six different counterbalancing sequences (i.e., 3 secondary-
task conditions X 2 switch/no-switch blocks) iterated through six
cycles (three in each half ). With a block length of 24 trials, this
again resulted in a total of 864 trials. No-switch blocks again alter-
nated between pure addition and pure subtraction problems, with
the order counterbalanced across the experiment for each partici-
pant. The same practice regime was used as in Experiment 1, except
that it was now split between each half of the experiment (i.e., prac-
tice was done before the low-sequencing half and before the high-
sequencing half). )

Results

The results from Experiment 2 were analyzed in the
same manner as were those in Experiment 1, with the se-
.quence load variable replacing the stimulus ambiguity
variable. Data exclusion, through the same trimming
procedure as that used in Experiment 1, resulted in the
loss of 3% of the data. Again, error trials and trials after
errors were excluded from the analysis of RT data.

As is shown in Figure 2 and Table 2, we again ob-
served large switch costs, in both the RT and the error
data. Switch costs were also generally larger for the high

High sequenci.ng load

Mean RT (msec)
EN
(o]
<

—@— Control
~fli~~ Foot Tap
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Figure 2. Mean response times (RT, top) and percentages of error (bottom) for Experi-
ment 2 as a function of sequence load, switch/no switch, stimulus ambiguity, and secondary-
task condition. Error bars reflect one standard error of the mean. .
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Table 3
Analysis of Variance Table for Experiment 2
o RT Error

Analysis and Source of Variance F MS, 4 F MS, p
Sequence 0.93 1,744,844 345 . 8.84 446 .007**
Control vs. foot tapping (C1) 11.29 233,037  .003™ 22.40 106 .000**
Foot tapping vs. suppression (C2) 0.04 - 185,711 - .836 10.06 119 004
Switch 272.53 734,087  .000** 183.99 315 .000**
Sequence X Cl 0.01 108,949  .905 0.54 107 468
Sequence X C2 - 0.04 106,800  .847 543 108 .029*
Sequence X switch 3.51 442,496 .074 21.68 1227 . .000**
Switch X C1 5.46 83,993  .029* 2235 -, 76 .000**
Switch X C2 4.15 93,053 . .053 8.64 104 .007*.
Sequence X switch X Cl 0.00 110,009 .946. 0.15 65 704
Sequence X switch X C2 0.21 109,666 655 6.83 128 .016*

- Note—C1 = Contrast 1 (foot-tapping contrast), which compared control (no secondary task) and foot tapping; C2 =
Contrast 2 (AS contrast), which compared foot-tapping and articulatory suppression secondary-task conditions. De-

grees of freedom (df) for all conditions were 1,23,

sequence load condition than for the low sequence load
condition (se€ Table 2), an effect that did not meet the re-
liability criterion for RTs but that was highly reliable for
errors (see Table 3). As is indicated by the reliable inter-
action between the foot-tapping contrast (C1) and the
switch variable, the addition of a secondary task increased
switch costs, as compared with the control condition.
However, there was no reliable interaction between the
sequencing load and the foot-tapping contrast (C1).

Again, the most important effects central to our hy-
potheses are those involving the AS contrast (C2). In
terms of RTs, there was a marginally reliable interaction
between the AS contrast and switching (p = .053). Nu-
merically, this effect was relatively small (M = 62 msec,
12%), and it was not further modulated through sequenc-
ing demands. However, in terms of errors, there was a re-
liable interaction between the AS contrast and the switch
variable that was further modulated by the sequence load
variable (see Table 3). As is evident from Figure 2 and
Table 2, error switch costs were particularly large in the
high sequence demand condition :

Discussion :

The results from Experlment 2 clearly demonstrated
an AS effect on accuracy when sequencing load was high.
In contrast, when external spatial information cued the
adequate task sequence, there was no performance dif-
ference between the AS condition and the foot-tapping
condition. Thus, it appears that verbalization is critical
only in situations in which the task context is not pro-
vided by the external environment. This.conditional ef-
fect of AS supports our hypothesis, then, that verbal pro-
cessing is critical for the maintenance/updating of task
order—specifically, when other bottom-up mechanisms
do not prompt the relevant task context.

At the same time, with the nearly reliable effect of AS
on switch costs irrespective of sequencing demands,
these data do not allow us to rule out the possibility that
AS may also have more subtle effects on switch costs
per se.

*p <.05.

*p<.01.

-EXPERIMENT 3

The results from Experiment 2 support the idea that
verbalization is critical in task-switching situations that
require endogenous sequencing. In this context, it is im-
portant to note that the blocked switching design used so
far confounds the processing demands incurred by an ac-
tual switch in task (i.e., those reflected in local switch
costs) with the processing demands related to trial-to-trial
endogenous selection when two or more tasks are pres-
ent in the same context (i.e., reflected in global/mixing
costs). Thus, the extent to which the AS specifically af-
fects the actual switching process remains to be tested.
Interestingly,.on the basis of the sequencing hypothesis,
there is not much a priori reason to expect a switch-
specific effect. After all, participants need to know what the
current task is on every trial, whether it is a switch or not.

In Experiment 3 we combined a manipulation of se-
quencing demands, as in Experiment 2, with the so-called
alternate-runs paradigm (Rogers & Monsell, 1995), in
which runs of two same-task trials alternated (i.e., an A,
A, B, B ordering of tasks). This paradigm allows a com-
parison between switch and no-switch trials within the
same block, thus avoiding a confound between local and
global costs. We also included a blocked manipulation
of stimulus ambiguity. Given that blocks with univalent
stimuli require little in terms of endogenous trial-to-trial
selection, the contrast between univalent and bivalent
stimuli (across no-switch and switch trials) allows us to
assess global switch costs. In contrast to the simple com-
parison between single-task and mixed-task blocks, this
way of assessing global costs allows a targeted assess-
ment of endogenous selection processes, while keeping
the number of relevant tasks constant (Mayr, 2001).

To summarize, with this design, we can test to what de-

. gree the sequencing demand interacts with the demands
of switching between tasks, to what degree AS interacts
with the sequencing demand (i.e., allowing a replication
of Experiment 2), and to what degree AS, switch costs
(local or global), and sequencing demands interact.
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Method

Participants. The participants were 48 University of Oregon
students who were compensated with either course credit or $7 for
participating in the study.

Tasks and Stimuli. The most important change in this experiment
was the use of an alternate-runs paradigm with alternating runs of two
tasks, instead of a blocked comparison between switch and no-switch
trials. As in Experiment 1, this experiment included a stimulus ambi-
guity manipulation. As in Experiment 2, this experiment included a
manipulation of the sequence load—now, however, as a between-sub-
jects variable. In the low sequencing load group; a four-quadrant
square grid (two X two array of equal-sized boxes) was presented cen-

trally, and the stimuli appeared serially in each of the quadrants ina '

clockwise sequence (Rogers & Monsell, 1995). The first trial of a
block always started in the upper-left quadrant for each block, so that

the addition task always occurred in the top row and the subtraction’

task always in the bottom row. In contrast, in the high sequencing load
group, the grid displayed contained only two quadrants. The stimuli
thus alternated between the two quadrants, starting in the left box at
the start of a block, but the overall task order remained constant (A,
A, B, B). Although the spatial position was informative regarding
whether a given trial was a switch or a no-switch trial (i.e., the left box
vs. the right box), adequate sequencing of tasks was still necessary.

We used this procedure in order to keep it as similar as possible
to the high sequencing load condition in Experiment 2, where there
was no ambiguity regarding whether.a given trial was a switch trial
or not (because all the trials in a block were either switch or no-
switch trialg); however, there was still potential ambiguity regard-
ing which task was relevant. The same three secondary-task condi-
tions were used as in Experiments 1 and 2.

Procedure. The same practice fegime was used as in Experi-
ments | and 2. Also, the same counterbalancing scheme was used
as in Experiment 2, except that the stimulus valance variable replaced
the sequence load variable. The total trial number again was 864. To
ensure that the participants did not lose the task sequence, a display
was presented above the stimulus array on error trials that indicated
the current position in the sequence. This display consisted of a -
simple visual representation of the task sequence (+ + ~ —), with
a red line underneath the current position.

Results ‘

The same exclusion criteria were applied as in Exper-
iments 1 and 2, resulting in the elimination of approxi-
mately 3% of the RTs. The relevant data for all the con-
ditions are presented in Figure 3 and Table 4.
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Figure 3. Mean response times (RTs, top) and percentages of error (bottom) for Experiment 3 as
a function of sequence load, switch/no switch, stimulus ambiguity, and secondary-task condition.

Error bars reflect one standard error of the mean.
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Table 4
Analysis of Variance Table for Experiment 3
RT Error
Analysis and Source of Variance F MS, ? F MS, p
Ambiguity (Amb) 90.28 4,368,274 .000** 45.11 1,291 .000**
Control vs. foot tapping (C1) 39.71 1,062,183 .000** 26.09 182 .000"*
Foot tapping vs. AS (C2) 7.68 155,848 .008"" 13.71 157 .001**
Switch 9141 3,176,564 .000™* 30.76 586 .000**
Low vs. high sequence (Seq) 3.67 17,849,830 .062 1.05 1,594 311
Amb X Cl 0.47 4,415 494 3.85 18 .056
Amb X C2 0.02 291 .892 1.73 7 195
Amb X switch 63.10 564,690 .000** 5.70 52 .021°
Switch X C1 1.39 4,55] 245 345 29 .070
Switch X C2 1.38 5,536 247 0.18 1 675
Seq X Amb 0.04 580,646 .839 5.66 344 .022°
Seq X switch 1.10 417,020 299 0.75 229 392
Seq X Cl 3.57 213,976 .065 0.00 56 953
Seq X C2 1.58 162,315 215 0.52 92 474
Amb X switchX C1 023 1,335 633 1.50 9 227
Amb X switch X C2 1.79 13,728 .187 0.60 5 A44
Seq X Amb X C] 0.65 74,458 424 0.78 37 381
Seq X Amb X C2 - 0.15 23,539 696 10.68 32 .002**
Seq X Amb X switch 2.99 107,396 091 2.10 110 154
Seq X switch X C1 0.30 26,227 .584 0.24 66 624
Seq X switch X C2 0.88 32,197 354 0.04 66 .840
Seq X Amb X switch X C1 0.56 46,133 457 022 49 :638
Seq X Amb X switch X C2 2.86 61,243 .097 2.05 - 60 159

grees of freedom (df’) for all conditions were 1,46.

Large effects of swifching and stimulus ambiguity, as
well as an interaction between these two variables, were
obtained both for RTs and errors. When considering the

‘general influence of the sequencing load variable, we

found that under high sequence load, the participants re-
sponded more slowly (M = 1,467 msec, SD = 430) than
under low sequence load (M = 1,272 msec, SD = 250),
a difference that was marginally reliable (p = .062). No
comparable effect was obtained for errors. However, for
errors (and not for RTs), the sequence load variable in-
teracted with the stimulus ambiguity variable, since the
difference in percentages of errors (bivalent minus uni-
valent stimuli) was reliably larger for the high-sequence
group (difference = 4.06%) than for the low-sequence
group (difference = 1.93%; see Table 4). '

Turning to the secondary-task effects, the participants
generally performed more slowly and with more errors
under foot tapping than under the no-secondary-task
control condition in general. No additional effects in-
volving the foot-tapping contrast (C1) were reliable. Im-
portantly, as in Experiment 2, AS affected endogenous
selection in a general manner when sequencing demands
were high, since there was a highly reliable three-way
interaction between the AS contrast, the stimulus ambi-
guity variable, and the sequencing load variable for errors
(see Table 4). Again, as in Experiment 2, the correspond-
ing effect for RTs was far from reliable. For neither RT's
nor errors was the corresponding effect (ambiguity X
AS contrast) reliable when the low sequence load group
alone was analyzed.

Note—C1 = Contrast 1 (foot-tapping contrast), which compared control (no secondary task) and foot tap-

.ping; C2 = Contrast 2 (AS contrast), which compared foot-tapping and articulatory suppression secondary-
task conditions. Seq = low-sequencing group versus high-sequencing group (between-subjects factor). De-
‘p<.05. *p<.0l

From the foregoing analysis, it seems that AS affects
only global switching costs, and not local switching costs,
albeit for errors only. However, before accepting this
conclusion, we need to address the additional question
whether to what degree the AS effect on selection costs
for the ambiguous, high sequence load condition was
further modulated by the switch variable. The four-way
interactions between AS contrast, stimulus ambiguity,
sequencing and switching is thus the critical contrast for
answering this question. Table 4 reveals effects that seem
to approach significance for both RTs and errors (p =
.097 and .157, respectively). However, as inspections of
Figure 3 and Table 2 show, these effects reflect opposing
trends for RTs and errors. Thus, although these effects
might suggest a complex speed—accuracy tradeoff, they
do not show a specific effect of AS on bivalent switch
trials under a high sequencing load. Furthermore, even
regardless of the sequencing variable, the three-way in-
teractions between AS contrast, stimulus ambiguity, and
switching for RTs and errors are far from reliable. In other
words, the effect of AS on endogenous task control seemed
to be fairly similar for no-switch and switch trials.

Discussion

There were several critical findings in this experi-
ment. First, we replicated the effect of AS on errors for
the situation in which endogenous sequential control was
necessary (i.e., bivalent stimuli and absence of sequen-
tial cuing). This result strengthens the general idea that
verbal processing contributes a specific sequencing func-
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tion to the general process of selecting an appropriate
task set. As in Experiment 2, this effect was confined to
errors. We do not have a good explanation for why er-
rors seem more sensitive to AS than RTs are. It is, how-
ever, noteworthy that such a selective sensitivity of one
measure over the other would have remained undetected
in the earlier reports in which RTs could not be assessed
independently from errors (Baddeley et al., 2001; Emer-
son & Miyake, 2003; but see Miyake, Emerson, Padilla,
& Ahn, 2004).

A particularly noteworthy aspect of the results of this
experiment is the fact that the AS effect exhibited by the
high sequence load group was similar for switch and no-
switch trials. Thus, at least in this paradigm, AS does not
seem to interfere with the process of switching between
tasks per se. Rather, AS interferes with a function that is
relevant on all trials alike. As we will argue, this function
is the maintenance and/or updating of the appropriate
task sequence.

One possible problem with our paradigm is that our pri-
mary tasks were relatively difficult (i.e., RTs > 1,000
msec). Perhaps AS effects are absorbed in a subadditive
manner into slack created by relatively long primary-
task RTs. Thus, AS effects might be observed with eas-
ier tasks (as often are used in the task-switching litera-
ture), even in the absence of a sequencing load. In a
follow-up experiment, we used a combination of color/
form discrimination tasks (Mayr, 2001) in an alternate-
runs paradigm with four spatial locations (i.e., low se-
quencing demand) and univalent versus bivalent stimu-
lus blocks. We found no trace of an AS effect in either
local or global costs, even though primary-task RTs were
much smaller here (in the 700-msec range).2 Thus, we
feel confident that our basic result of a relatively small
influence of AS on switching, as long as sequencing de-
mands are low, generalizes to more typical task-switching
situations. ]

Of additional interest is a direct comparison between
Experiments 1 (or 2) and Experiment 3, because it illus-
trates how a contrast between no-switch and switch
blocks confounds actual (local) switching demands with
global processing demands. Mean RT for bivalent switch-
ing trials during AS in Experiment 3 was 1,692 msec (for
the high sequencing load group), which is very similar to
the mean RT for the corresponding condition in Experi-
ment 1 (1,708 msec). However, mean RTs for the equiv-
alent no-switch times were very different (1,435 msec in
Experiment 3 vs. 1,156 msec in Experiment 1). Presum-
ably, this difference reflects demands involved with en-
dogenous selection and maintenance of access to two
different tasks, which is necessary in the no-switch con-
dition in Experiment 3, but not in Experiment 1. The con-
dition in Experiment 3 that is most comparable to the
no-switch situation in Experiment 1 (i.e., not involving
endogenous selection or sequencing) is the no-switch
condition with univalent stimuli and low sequencing de-
mands. Interestingly, the mean RT in this condition is
1,153 msec, which is very similar to that in the corre-

sponding condition in Experiment 3 (1,156 msec). Thus,
as this informal comparison suggests, the combined se-
quence demand manipulation and the stimulus ambigu-
ity manipulation within Experiment 3 were effective in
bridging the gap between the blocked no-switch and switch
conditions as used in Experiment 1 (and some of the for-
mer reports on AS effects on task switching).

GENERAL DISCUSSION

The results presented here are relevant for both the lit-
erature on task switching and the broader issue regarding
the interplay between language and control. We will begin
by looking at the implications of this work for models of
task switching.

Implications for Models of Task Switching

The starting point for our study was the observation of
very large effects of AS on switch costs reported by Bad-
deley et al. (2001) and Emerson and Miyake (2003). A
straightforward conclusion from these results is that ar-
ticulation, traditionally regarded as a nonexecutive slave
system of working memory, plays a crucial role during
executive task selection as assessed in the task-switching
paradigm. The present results do not necessarily contra-
dict this conclusion but suggest that it needs to be qual-
ified in two ways.

First, the AS interference we obtained was less dra-
matic than that found in previous reports and was, in two
of three experiments, confined to error effects. The ques-
tion as to why, exactly, AS effects differed so much in
magnitude across experiments needs to remain open here
(see the Discussion section in Experiment 1). However,
such a relatively small effect raises the question whether
the relationship between language and control is as tight
as suggested by the original reports.

Second, the present study provided much less evi-
dence than previous reports have for AS effects on local
switch costs (switch trials vs. no-switch trials). Further-
more, AS effects on global task selection costs were con-
fined to conditions of high sequencing demand. If gen-
eralizable, these results seem to suggest that AS does not
interfere with the process of changing task sets per se
(see also Emerson & Miyake, 2003). Of course, this con-
clusion is based on a null result, and there were some con-
stellations in our data where AS effects on local switch
costs might have been obtained with larger statistical
power (e.g., the low sequence demand condition in Ex-
periment 2).

Although we are not in a strong position to rule out
the possibility that AS can interfere with the actual task-
switching process, our results do suggest that the actual
switching process can proceed without the help of covert
or overt articulation. In other words, there may be little
need at this point to incorporate verbal-processing com-
ponents as a necessary processing stage into models that
deal with task switching (e.g., Gilbert & Shallice, 2002;
Meiran, 2001).
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There are two studies in the literature that seem in-
consistent with this conclusion. Goschke (2000; see also
Kray, Eber, & Lindenberger, 2004) used a paradigm in
which participants were cued on a trial-by-trial basis
through symbolic cues to one of two tasks. In one con-
dition, the participants were asked to verbalize the up-
coming task label during the cue—stimulus interval,
whereas in the other condition, they were required to ver-
balize a particular day of the week for each of the two
cue symbols. Typically, participants can use a suffi-
ciently long cue—stimulus interval to reduce their switch
costs, usually referred to as a preparation effect. In this
study, this preparation effect was obtained for the task
label verbalization condition only, but not when the un-
related verbal response had to be produced. Goschke
concluded from this result that verbal processing is reg-
ularly, and effectively, used during task preparation but
is impaired when irrelevant verbal responses need to be
produced. A potential problem with this interpretation is
that using the cue to select an arbitrary word over and
above the necessary task selection process imposes a dual-
selection demand that is not necessary when selecting
the task-compatible task label. An important control
condition would be one that keeps the selection demand
constant but does not require a verbal response (e.g., a
keypress response). In the absence of such a control con-
dition, the result in Goschke is ambiguous.

Two additional relevant studies appeared after the ini-
tial version of this article had been completed. In a study
by Miyake et al. (2004), a random-cuing paradigm in
which participants switched between discriminating
stimulus shapes and colors were used. Tasks were cued
by either letters or task labels (color and shape). An in-
crease of local costs was obtained for the AS condition
when letters were used as task cues. The authors inter-
preted this result as evidence that verbalization is in-
volved in retrieving the relevant task set, a process that
should be more demanding with impoverished letter
cues than with more direct task label cues (see also Mayr
& Kliegl, 2000). Given the relevance of these results in
the present context, we made an attempt to replicate
them: We used the same tasks and dual-task conditions
as Miyake et al., but we presented either word cues or
letter cues in two separate between-subjects groups, both
with short and long cue—stimulus intervals. We were un-
able to replicate the findings of Miyake et al., since nei-
ther of the two groups showed reliable AS effects on
switch costs (as compared with foot tapping).3 Further
research is needed to clarify whether verbalization sub-
serves a retrieval function, a sequencing function, or both.

In the second relevant study, Saeki and Saito (2004b)
used an alternate-runs paradigm in which participants
switched between a numerical and a letter judgient task.
Amount of external cuing was manipulated by present-
ing a line under the currently relevant stimulus in the
cued condition. The results revealed AS effects that were
highly similar for switch and no-switch trials. Consistent
with our conclusions, the authors suggested that AS in-

terferes with maintenance of a sequential plan. However,
contrary to the present results; the AS effect was not re-
duced in the cued condition. A possible reason for this
divergence in results is that the cue used in this study
provided information about the currently relevant task,
but not about the position in the sequence of tasks. Thus,
combining our results and the findings from Saeki and
Saito (2004b) provides at least indirect evidence that ar-
ticulation subserves a specific sequencing function. It
would certainly be of interest to directly compare cues

“that either do or do not provide sequential information.

The Language—Control Relationship .

The second, broader issue touched upon by our results
is the question of how language and control are related.
Here, our results suggest some constraints on the range
of possibilities opened up by earlier reports (Baddeley
etal., 2001; Emerson & Miyake, 2003). In our study, AS
effects seemed nonspecific to switch trials and largely
limited to situations in which high serial order demands
were present. This suggests a relatively specific role for
verbal processing during executive task management—
namely, the maintenance and/or updating of the relevant
task sequence (see also Emerson & Miyake, 2003).

Such a division of labor between task set selection and
task sequencing makes sense from several theoretical
perspectives. First, it is broadly consistent with the view
introduced by Baddeley et al. (1984) that articulatory
processing can serve as a working memory slave system
that is at least partly independent of other slave systems
and the so-called central executive. Second, the division
between sequential control and task set selection is also
consistent with the view that selection of task sets occurs
through a constraint satisfaction process within a global
workspace (see, e.g., Dehaene, Kerszberg, & Changeux,
2001; Mayr, 2003). Purportedly, the result of this process
is a single coherent task set representation, and all po-
tentially competing task set representations are sup-
pressed at this point. When taking this single task set
constraint seriously, a problem arises as to whenever se-
quences of potentially competing tasks need to be per-
formed. Obviously, the global workspace cannot repre-
sent a future task while filled up with a competing,
presently relevant task. A possible solution could be a
separate system that allows storage of action or task se-
quences, using a code that does not easily interfere with
current task demands. An articulatory or phonological
code not only allows for maintaining relatively neutral
pointers to still-to-be-executed tasks, but due to its in-
herent sequential nature, also provides a natural reposi-
tory for the representation of serial order.

Finally, the present results are of interest in the context
of a recent study reported by Luria and Meiran (2003).
These authors looked specifically at the process of main-
taining and changing task order, using a psychological
refractory paradigm in which task order was cued on a
trial-by-trial basis. They found that changes in task order
produced marked switch costs that were dependent on

H‘:l 178 "H



[

622 BRYCK AND MAYR

the cue—stimulus interval (i.e., a preparation effect),
from which they concluded that task order was based on
an “explicit representation” that could be activated in ad-
vance of stimulus presentation (thus, the preparation ef-
fect). Even though these authors did not mention lan-
guage as a potential code for such a serial order plan, this
idea seems highly compatible with their results. Future
work that combines Luria and Meiran’s paradigm with
AS could, therefore, provide interesting corroborating
inforimation regarding the interplay between language,
serial order control, and task set selection.

Conclusion

Vygotsky and Luria (1994) envisioned a broad role for
language in organizing behavior and in making it inde-
pendent from external stimuli. It is an important task for
future work to determine the manner in which language
does contribute to executive control of thought and ac-
tion. The present work suggests that, at least in the adult
cognitive system, the executive function of verbalization
is rather specific. It seems to be linked to the sequential
nature of the “secondary series of stimuli” language pro-
vides (Vygotsky & Luria, 1994), allowing for control
over the serial order of action rules. '
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NOTES

1. Initially, an RSI of 50 msec was intended for all the participants.
However, a progtamming error was discovered after running the first
12 participants in Experiment 1, in-which the RSI had unintentionally
been set to 250 msec. Thus, the 50- and 250-msec RSIs were split
equally across participants, conditions, and counterbalancing orders.
Later analyses showed no significant differences between the two RSI
groups in any of the three experiments. Thus, the two groups were col-
lapsed in all the subsequent analyses and descriptions of results.

2. In this experiment, essentially the same procedure as that in Ex-
periment 3 was used, except only a low sequencing load was used and
the tasks used were form discrimination (horizontal and vertical align-
ment) versus color discrimination (blue and red); 24 participants were
tested. Neither the general effect of AS (AS contrast X stimulus ambi-
guity interaction) nor the interaction with switching (AS contrast X
stimulus ambiguity X switching) produced reliable interactions for the
RT or the error measure (all Fs < 1.0).

3. Twelve subjects each worked on eight blocks of 56 trials (after
practice) with either task label word cues or letter cues on the color and
the shape task as in Miyake et al. (2004). Cue-stimulus interval was
manipulated in a blocked manner (200 msec vs. 1,200 msec). In the long
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cue-stimulus interval condition, which was comparable to the one used
by Miyake et al. (2004), switch costs were 31 msec (2.0% error costs)
for foot tapping and 32 msec (1.0% error costs) for AS in the word cue
condition and 128 msec (3.6% error costs) and 116 msec (2.3% error

costs) in the letter cue condition, respectively. In the short cue-stimulus

interval condition, switch costs were 72 msec (2.1% error costs) for foot
tapping and 36 msec (2.8% error costs) for AS in the word cue condi-
tion and 145 msec (2.1% error costs) and 199 msec (2.8% error costs)
in the letter cue condition, respectively. The AS-related increase in RT
switch costs in the letter condition was far from reliable (RT, p > .5; er-

rors, p > .6); however, given relatively low power, we cannot make strong
claims about the absence of effects here. Thus, it is possible that in the
short-interval condition (where retrieval demands may be particularly
high), an AS effect would become apparent with a larger sample size.
However, in'the long cue-stimulus interval condition we found no trace
of an AS effect that was comparable to the situation reported in Miyake

-etal. (2004).
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