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Serial and Parallel Processes in Working Memory After Practice
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University of Bristol

Six young adults practiced for 36 sessions on a working-memory updating task in which 2 digits and 2
spatial positions were continuously updated. Participants either did 1 updating operation at a time, or
attempted 1 numerical and 1 spatial operation at the same time. In contrast to previous research using the
same paradigm with a single digit and a single dot, dual-task costs were not eliminated with practice.
Costs of switching between digits and between spatial positions were found throughout practice,
supporting the existence of a focus of attention in working memory that can hold 1 digit and 1 spatial
position simultaneously, but is not expanded to hold 2 elements of the same kind. The results can be
understood by assuming that observed limits on parallel processing, as well as on the capacity of the
focus of attention, arise not from structural constraints but rather reflect the optimal configuration of the
cognitive system for avoiding information cross-talk in a given task.
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Can we pursue two separate trains of thought at the same time?
More precisely, can we carry out two sequences of cognitive
operations in working memory in parallel without mutual interfer-
ence? There are two reasons to believe that this is difficult, if not
impossible. One is that many cognitive operations—in particular
those involving response selection—are (under most circum-
stances) limited by a central capacity limit, often referred to as a
bottleneck, which severely constrains parallel processing (for a
review, see Pashler, 1994).

The other reason comes from research suggesting a focus of
attention in working memory limited to one chunk at a time
(Garavan, 1998; McElree, 2006; Oberauer, 2003). For instance, in
working-memory updating tasks, updating an object (e.g., a num-
ber) is several hundred milliseconds faster when on the previous
step the same item has been updated than when a different item has
been updated (Garavan, 1998; Oberauer, 2003), a time difference
referred to as object-switch costs and interpreted as the time it
takes to bring a new element of the memory set into the focus of
attention.

Verhaeghen, Cerella, and Basak (2004) argued that the limita-
tion of the focus to a single item can be overcome through practice.
They did not measure object-switch costs directly, however, but
instead inferred them from comparing latencies on memory set
size 1 (never requiring a focus switch) with latencies on higher set
sizes (involving focus switches). In a study using a continuous

recognition paradigm similar to that of Verhaeghen et al., but
unconfounding memory set size and object switching, object-
switch costs persisted even after 20 sessions of practice (Oberauer,
2006). This implies that even highly practiced participants hold
only one item at a time in the focus of attention, such that a
time-consuming process is needed to switch it to a new item.

A variant of the memory-updating paradigm was also used to
investigate constraints on parallel processing. Oberauer and Kliegl
(2004) asked participants to maintain one digit and one spatial
position of a dot in working memory, and to update either one of
them at a time (single-task condition) or to update both the digit
and the dot (dual-task condition). Unpracticed participants expe-
rienced substantial dual-task costs, consistent with the notion of a
central capacity limit for the updating operations. With eight
sessions of dual-task practice, however, most young adults over-
came these dual-task costs, producing latencies completely in line
with the predictions of a parallel processing model (Göthe, Ober-
auer, & Kliegl, 2007; Oberauer & Kliegl, 2004).

Parallel Processing With a One-Chunk Focus?

Bringing the findings on processing limitations and on the focus
of attention in working memory together reveals a puzzle: After
extended practice, young adults acquired the ability to carry out
two cognitive operations in parallel without mutual interference
(Oberauer & Kliegl, 2004). One of these operations updated a
numerical value, and the other updated the spatial position of a dot.
Under the assumption that it is the function of the focus of
attention to select the objects of imminent cognitive operations,
this feat implies that the number and the dot position were held in
the focus at the same time. Yet, research on object-switch costs
provides evidence that even after extended practice, the focus
remains limited to a single item (Oberauer, 2006).

We consider two ways to reconcile these findings. First, it could
be that the focus of attention expands only under certain conditions
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and not others. The practice regime of Oberauer (2006) might not
have been suited to expand the focus (and perhaps the conditions
realized by Verhaeghen et al., 2004, were better suited). We
assume that practice is most likely to expand the focus of attention
when such expansion is beneficial. When two cognitive operations
on two separate items are requested at the same time, expanding
the focus to take in both items is certainly beneficial. Therefore,
practicing on the dual-task paradigm of Oberauer and Kliegl
(2004) arguably provides good conditions for an expansion of the
focus. If this line of reasoning is correct, then extensive practice on
such a dual-task paradigm should make object-switch costs disap-
pear at about the same time as dual-task costs disappear. The
present study tests this prediction by providing participants with 36
sessions of practice on the updating task, using two digits and two

dots so that the time for switching from one digit to another, or
from one dot to another, can be measured (Figure 1).

A second possibility arises from reflection on why the focus of
attention holds only a single element at a time. As we have argued
elsewhere (Oberauer & Bialkova, 2009), this limitation is likely to
reflect the function of the focus rather than a structural limitation.
When several elements of the same kind are held in working
memory (e.g., two or more digits), and one of them is needed as
input for an operation that could be applied to all of them, there
must be a mechanism to select the one element to be used for
the operation. This is done by the focus of attention, and therefore
the focus must be limited to one candidate element to eliminate
ambiguity. Yet it would be possible for the focus to hold one digit
and one dot position at the same time in the present memory-

Figure 1. Sequence of events in the memory-updating paradigm: (A) single-task condition; (B) dual-task
condition.
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updating paradigm, because doing so would not undermine the
selection function: The task set for an arithmetic operation cannot
be applied to a dot position, and a mental shift cannot be applied
to a digit, so no ambiguity arises. This assumption can explain how
parallel processing is possible in the paradigm of Oberauer and
Kliegl (2004): The focus of attention holds the current digit and the
current dot position at the same time and updates them concur-
rently. With the present extension of the task to two digits and two
dots, the focus would have to select one digit and one dot position
at any time, and when the digit or the dot (or both) change from
one step to the next, a switch cost would incur. The focus cannot
expand to take in both digits and both dots because that would
undermine its selection function. At the same time, parallel pro-
cessing could be achieved after practice just as in the works of
Oberauer and Kliegl (2004) and Göthe et al. (2007).

Method

Participants

Six members of the University of Bristol community, 3 women
and 3 men, between the ages of 21 and 30 years, took part. All had
full color vision, and normal or corrected-to-normal vision. They
received £7 per session in reimbursement, plus a performance-
dependent bonus according to rules analogous to those used by
Oberauer and Kliegl (2004).

Materials and Procedure

Each trial was a combination of two memory-updating tasks,
one arithmetic and one spatial. Participants initially encoded two
digits and two spatial positions, and completed a series of arith-
metic updates and a series of spatial updates (single-task condi-
tion) or arithmetic and spatial updates simultaneously (dual-task
condition; see Figure 1).

The sequence of events in a trial was completely self-paced.
After display of the word START, the initial values of digits and
dots were presented one by one. The two digits appeared in the
middle of a 5 � 5 grid. Presentation of one digit was accompanied
by the sound of a piano, and the other digit was accompanied by
the sound of a trumpet. Each sound was played through head-
phones for 200 ms, with a frequency of 22050 Hz. Participants
were asked to remember which digit was presented with which
sound. Each of the two dots, one blue and one red, was displayed
in one cell of the grid. Participants remembered which dot was
presented in which cell. The order of pairs (digits vs. dots) was
counterbalanced across trials. The order of the sounds within the
digit pair, and of the colors within the dot pair, was held constant
throughout the experiment for each participant; half of them re-
ceived the order piano–trumpet and red–blue, whereas the other
half received the order trumpet–piano and blue–red. After encod-
ing of the last of the initial values, an empty grid was displayed for
1 s before the sequence of updating instructions commenced.

The updating instruction for digits was a piano or trumpet tone
played through headphones for 200 ms. The musical instrument
determined to which digit the operation was to be applied, whereas
the pitch determined the arithmetic operation. A high tone (44,100
Hz) required addition of 2, whereas a low tone (6000 Hz) required
subtraction of 1. Participants were instructed to apply the operation

to the relevant digit and update the digit value with the result. For
example, if the initial value of the digit presented with the piano
sound was 3 and the piano tone was high, participants had to add
2 to 3 and remember 5 as the current value of the piano digit. The
updating instruction for dots was an arrow displayed in the middle
of the grid. The color of the arrow (red or blue) determined to
which dot it was to be applied, and its direction (one of eight
possible directions) determined in which neighboring cell the dot
had to be mentally shifted. For example if a red arrow pointing up
was presented, participants would move the red dot to the cell
directly above its current position. In the single-task condition (see
Figure 1A), all updating operations of one task (arithmetic or
spatial) were presented individually, followed by the operations of
the other task. After completing each operation, participants
pressed the space bar, which immediately triggered presentation of
the next updating stimulus. On half of the trials, the arithmetic
operations were requested first, and the other half of trials started
with the spatial operations. In the dual-task condition (see Figure
1B), one tone and one arrow were displayed simultaneously, and
participants pressed the space bar once when they had completed
both operations, upon which the next pair of stimuli was presented
immediately. Each trial consisted of seven, eight, or nine updating
operations of each task, the number being selected at random.

After the last updating operation, four question marks appeared
one by one in the middle of the grid. Two of the question marks
were black and were accompanied by either a piano or a trumpet
sound (played for 200 ms with 22,050 Hz). In response, partici-
pants had to type the digit that they remembered for the sound. The
other two question marks were red and blue, respectively. In
response, participants had to click with the mouse on the final
position of the dot corresponding to the color of the question mark.
In the recall phase, the order of dots and digits was the same as in
the initial display phase for this particular trial. After the last
response to the question mark on the trial, a feedback message was
displayed for 2.6 s, informing how many dots and how many digits
were recalled correctly. A new trial began immediately after the
feedback.

In the single-task condition, there were two equally frequent
switch categories in each operation sequence, repetition (i.e., up-
dating of the same digit or dot as on the preceding step) or switch
(i.e., updating the other digit or dot). In the dual-task condition
there were four equally frequent switch categories: no switch (i.e.,
repeating both digit and dot), switch to new digit while repeating
dot, switch to new dot while repeating digit, and switch both digit
and dot.

Participants practiced the task for 36 sessions, each consisting of
four blocks, with 12 trials each. In odd sessions, the first and the
fourth blocks were with the dual-task condition, and the second
and the third blocks with the single-task condition. In even ses-
sions, the order was reversed. The first session had four practice
trials, which were excluded from the analyses. For the other
sessions, the first three trials were considered as warming-up trials
and also excluded from the analyses.

Results

For the response time (RT) analyses, we eliminated all trials on
which participants committed an error on the final recall, thus
leaving only RTs of operations that in all likelihood have been
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carried out correctly. All RTs from the first operation in a sequence
were also eliminated because they could reflect initiation or task-
switching effects. We also removed outliers, which we defined as
RTs exceeding the mean by 3 standard deviations, computed
separately for each participant, each session, and each condition.

Parallel Processing After Practice?

The first analysis tests whether participants were able to carry
out two updating operations in parallel without mutual interference
after practice. We combined every three consecutive sessions into
one phase, thus reducing 36 sessions to 12 phases of practice.
Following the rationale outlined by Oberauer and Kliegl (2004),
we computed predictions for the RTs in the dual-task condition
under the assumption of perfect time sharing. We computed the
time it would take to carry out one arithmetic operation and one
spatial operation simultaneously without mutual interference at the
same speed as they were carried out on their own in the single-task
condition. For each trial of the single-task condition we paired the
first arithmetic RT with the first spatial RT, the second arithmetic
RT with the second spatial RT, and so on, and kept the longer RT
in each pair as the expected time it would take to complete both
operations in parallel, and to press the space bar once both are

completed. Depending on whether the arithmetic operation in the
pair involved a digit switch or a digit repetition, and on whether the
spatial operation involved a dot switch or a dot repetition, the
maximum RT of the pair was assigned to one of the four switch
conditions of the dual-task combination (i.e., no switch, digit
switch only, dot switch only, and both switch). The maximum RTs
were then averaged within each participant, each phase, and each
of the four switch conditions. For comparison with these predic-
tions, we computed means of the observed RTs in the dual-task
condition for each participant, phase, and switch condition.

The comparison of observed dual-task RTs and the correspond-
ing predictions computed from single-task RTs (single-max) are
plotted in Figure 2. It is obvious that, although dual-task costs
decreased with practice, they were still substantial even after 36
sessions. Table 1 summarizes the proportion of errors in final
recall; they were low overall and showed no systematic difference
between single- and dual-task conditions, so that it is safe to
concentrate on the RT data for evaluation of dual-task effects. The
absolute and proportional dual-task costs of the first and the last
practice phases are summarized in Table 2. Dual-task costs
diminished with practice, F(1, 5) � 7.8, p � .038, partial �2 �
.61, for the comparison of proportional costs between phases 1

Figure 2. Mean reaction times in the dual-task condition (dual), and predictions for the dual-task condition
computed from the single-task condition (single-max), by training phase and object switch conditions. Error bars
reflect 95% confidence intervals for within-subject comparisons.
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and 12. Yet, they remained substantial even after 36 sessions of
practice.

Simultaneous Focusing of Attention After Practice?

Object-switch costs for digits and for dots in the single-task
condition are shown in Figure 3. In both content domains, switch-
ing to another object incurred a time cost, F(1, 5) � 29.3, p �
.003, partial �2 � .85. Object-switch costs did not differ signifi-
cantly between digits and dots (F � 3.9), and they did not diminish
appreciably with practice (F � 3.7). Hence, there is no evidence
that the focus of attention expanded with practice to take in two
digits or two dots at the same time.

Figure 4 shows RTs for the four switch conditions in the
dual-task condition. In addition to the main effects of digit switch,
F(1, 5) � 12.7, p � .016, partial �2 � .72, and of dot switch, F(1,
5) � .73.2, p � .001, partial �2 � .94, we observed an underaddi-
tive interaction of the two switch effects, F(1, 5) � 14.4, p � .013,
partial �2 � .74. This two-way interaction did not change over
practice (F � 1 for the three-way interaction). The underadditive
interaction of digit switch and dot switch implies that the two
switch processes are at least sometimes carried out in parallel.
Parallel switching of digits and of dots, however, implies that one
digit and one dot are focused on at the same time, either in separate
foci or in a single focus. Figure 5 demonstrates this implication by
sketching two models of how processing steps are scheduled, one
(Figure 5A) assuming that the focus is strictly limited to one
element (either a digit or a dot), and the other (Figure 5B) assum-
ing that the focus holds one digit and one dot at the same time and
can switch in parallel between digits and between dots. Only the
second model generates underadditive switch costs. We considered
several other process models but were unable to identify an alter-
native model predicting underadditive switch costs. Thus, it must
be possible to hold one digit and one dot position in a focus of
attention.

Experiments by Bao, Li, and Zhang (2007) show that, when
encouraged by instruction, people bind together a numerical value
and a spatial position into a single mental object with a numerical
feature and a spatial feature (i.e., a digit with a location in the grid).
It is conceivable that participants adopt this bound representation
spontaneously in our experiment. In that case, a single focus of

attention could access a digit and a dot position that are bound
together by accessing a single object, whereas accessing a digit and
a dot position not bound together would require two separate
switch processes. As a consequence, whether or not digit switching
and dot switching interact underadditively would depend on
whether the pair of a digit and a dot that one switches to is a bound
object or not.

Initial hints toward consistent binding come from participants’
reports in strategy questionnaires. All except 1 participant de-
scribed a “grouping” strategy after at least one session in response
to an open strategy question. These reports always involved pair-
ing the digit presented first with the dot presented first, and the
digit presented second with the dot presented second (i.e., piano–
red, trumpet–blue).

To validate these reports, we separated the RT data from the
dual-task condition into updating steps in which both operations
applied to the members of a potentially bound pair (i.e., red dot and
piano digit, or blue dot and trumpet digit) and those in which the
two operations applied to members of different pairs. These data
were analyzed with an analysis of variance (ANOVA) with pairing
(bound vs. different), phase (1 to 12), digit switch, and dot switch
as variables. On average, RTs were 285 ms faster on updating
steps involving potentially bound pairs than on those that involved
elements from different pairs, F(1, 5) � 25.3, p � .004, partial
�2 � .83. This effect did not interact with phase (F � 1.5). This
confirms the verbal reports: Participants tended to bind together
the piano digit with the red dot, and the trumpet digit with the blue
dot, so that updating was faster when it involved the two features
of the same bound object than when it involved features of a
different object, as was observed before by Bao et al. (2007).

We next tested whether pairing modulates the interaction of
digit switch and dot switch. The focus of attention should be able
to switch to a bound object in a single step, thus generating an
underadditive interaction of the two switch variables when the new
digit–dot pair is a bound one, but not when it is not. The critical
three-way interaction of digit switch, dot switch, and pairing was
significant, F(1, 5) � 9.1, p � .03, partial �2 � .65. When broken
down by pairing, the interaction of digit switch and dot switch was
significant for those updating steps that involved a bound pair, F(1,
5) � 35.2, p � .002, partial �2 � .88, but not for those updating
steps that involved elements of different pairs (F � 1, partial �2 �

Table 2
Absolute and Proportional Dual-Task Costs

Phase 1 Phase 12

Condition Absolute Proportional Absolute Proportional

No switch 1.29 (.32) .58 (.18) .49 (.32) .43 (.22)
Digit repetition,

dot switch 1.85 (.30) .79 (.14) .84 (.45) .70 (.28)
Digit switch,

dot repetition 1.49 (.28) .57 (.12) .70 (.49) .46 (.23)
Both switch 1.72 (.27) .64 (.15) .74 (.30) .48 (.12)

Note. Absolute dual-task costs are differences between observed reaction
times in the dual-task condition and those predicted from the single-task
condition under the assumption of parallel processing, in seconds. Propor-
tional costs are absolute costs divided by the predicted reaction times from
the single-task condition. Values in parentheses are standard deviations.

Table 1
Error Proportions in Final Recall by Condition and
Training Phase

Phase Single task Dual task

1 .07 .09
2 .05 .05
3 .05 .04
4 .05 .05
5 .04 .05
6 .04 .04
7 .05 .04
8 .07 .04
9 .04 .05

10 .04 .05
11 .05 .06
12 .05 .04
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.14). The two different interaction patterns are shown in Figure 6.
This pattern is as predicted from the assumption that a single focus
of attention holds one digit and one dot at the same time, and when
it needs to switch to a new digit and a new dot, it can do so in one
step if and only if the new digit and the new dot are bound into a
single object, so that switching involves access to just one new
object rather than two.

Discussion

After 36 hr of practice, our participants still experienced dual-
task costs of several hundred milliseconds. This result stands in
stark contrast to two previous studies using a similar paradigm
(Göthe et al., 2007; Oberauer & Kliegl, 2004), in which dual-task
costs were completely eliminated for most young adults (and

Figure 3. Mean reaction times for repetition and switch operations in the single-task condition (left) at the
beginning and (right) at the end of practice. Error bars are 95% confidence intervals for within-subject
comparisons.

Figure 4. Mean reaction times for the four switch conditions in the dual-task condition (left) at the beginning
and (right) at the end of practice. Error bars are 95% confidence intervals for within-subject comparisons.
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reduced to a few ten milliseconds for the remaining ones). Apart
from the longer duration of practice in the present study, there
were only two (related) differences between the protocols of those
previous studies and the present one: We asked participants to hold
two digits and two dots in working memory, instead of one each,
and they had to update all of them, which requires frequent
switches between the two elements in each content domain. Either
the increased load on working memory or the added object-
switching demand must have undermined people’s ability to ac-
quire perfect time sharing of two updating operations.

At the same time, we found substantial object-switch costs for
both digits and dots throughout practice. Thus, there was no
indication that the focus of attention expanded to take in more than
one digit, or more than one dot, as was assumed by Verhaeghen et
al. (2004). Yet, the finding of an underadditive interaction of digit
switching and dot switching also rule out a focus that is strictly
limited to one element at a time. This interaction implies that the
two switch processes occur in parallel at least some times, and
hence they must be in the focus of attention simultaneously. A
detailed analysis of object-switch costs in the dual-task condition
provided some evidence that people established consistent bind-
ings between each digit and one corresponding dot (Bao et al.,
2007), which again presupposes that one digit and one dot can be
held in the focus at the same time.

If we accept that conclusion, we cannot appeal to the limited
capacity of the focus of attention to explain why our participants
could not carry out one arithmetic and one spatial updating step at
the same time. There must be another reason for why dual-task
costs in processing time could not be overcome in this experiment,
although it could be overcome in the preceding experiments using
the same paradigm with minimal memory sets.

One explanation that might come to mind is that the higher
memory load in the present experiment drained the cognitive
system of resources that would be necessary to accomplish perfect
time sharing for updating operations. This explanation is intui-
tively appealing but at close inspection loses much of its attrac-
tiveness. There is a well-formulated resource theory for explaining
dual-task effects such as the PRP effect, independently developed
by two groups of authors (Navon & Miller, 2002; Tombu &
Jolicoeur, 2003). This model assumes that when two processes run
in parallel, they share the available processing resource, and be-
cause the speed of each process is proportional to the amount of
resources it receives, resource sharing implies that one or both
processes slow down during the time they run in parallel. This
slowing results in dual-task costs: When the resources of each
process are halved, their durations are doubled, so that their joint
finishing time when sharing resources is the sum of their times
when run individually with full resources. If we assume that

Figure 5. Schema of processing steps in the dual-task condition, covering two successive pairs of operations.
The figure illustrates the model (A) with a single-element focus and (B) with a focus that holds a digit and a dot
position simultaneously, switching both in parallel. The four levels in each panel represent the four switch
conditions (digit repeat—dot repeat; digit repeat—dot switch; digit switch—dot repeat; digit switch—dot
switch). Within each level, 1 and 2 represent the two digits; A and B represent the two dot positions. Continuous
arrows are updating operations; their vertical position represents to which object they are applied (i.e., which
object is in the focus of attention). Broken arrows represent switches of the focus to a new object. Grey bars
represent objects in the focus but currently not operated upon. Vertical lines reflect finishing times for a pair of
operations, which are measured as response times. The single-element focus (panel A) is assumed to carry out
operations in an opportunistic order to minimize switches: Whenever the element currently in the focus needs
to be updated again in the next step, that operation is carried out first, before the focus switches to the other
element to be updated in the same step. With this strategy, the single-element focus leads to the prediction of
additive effects of digit switching and dot switching. The parallel switch of digits and dots in panel B is the only
model we could conceive of that produces an underadditive interaction of digit switch and dot switch.
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maintenance of the memory load takes away half the system’s
resources, then the remaining half would be available for process-
ing. In the single-task condition it would be allocated completely
to one process, whereas in the dual-task condition it would be
shared, leading to a corresponding slow-down. Importantly, this
logic holds regardless of how large the resource pool available for
processing is to begin with. Thus, processing resource theory
predicts dual-task costs regardless of how many resources are left
that can be assigned to processing. Therefore, an appeal to reduced
resources cannot explain why dual-task costs can be eliminated
with small memory sets but not with larger ones.

If lack of resources does not explain why increasing memory set
size disables parallel processing, what does? To understand this,
we first need to consider why sequential processing is the norm
and parallel processing is the exception. Sequential processing is
the default not because of some structural constraint of the cogni-
tive architecture but because it is the easiest way to solve an
executive control problem (Logan & Gordon, 2001; Oberauer &
Kliegl, 2004). In particular, parallel execution of two cognitive
operations inherits the danger of cross-talk, that is, each operation
could accidentally be applied to the object of the other operation.
A simple and effective strategy to avoid this kind of cross-talk is
to schedule all cognitive operations sequentially. This default
executive setting is overcome only after prolonged practice with
dual-task constellations in which the chance of cross-talk is min-
imal, because the cognitive operations involved are different
enough to prevent accidental confusion of their objects and their
outcomes. With one arithmetic operation and one spatial operation,
to be applied to one digit and one dot position, this is likely to be
the case: The spatial shift cannot be applied to the numerical value
of the digit, and the arithmetic operation cannot be applied to the

dot position. Therefore, the cognitive system can afford establish-
ing two task sets—one for the arithmetic operations and one for
the spatial shifts—in procedural working memory at the same
time. Once set up, working through a sequence of updating steps
can proceed on “autopilot,” without further executive control:
Each stimulus fits one and only one of the task sets, thereby
specifying the parameter for that task set (i.e., the amount to be
added or subtracted for the arithmetic task set, and the direction of
shift for the spatial task set), and the operation thus defined is
applied to the only object in working memory to which it fits.

The situation is different when two digits and two dots are
involved, all of which have to be updated at some point. There is
the risk of cross-talk between the two digits, and between the two
dots: An arithmetic operation can accidentally be applied to the
wrong digit, and a spatial shift could accidentally move the wrong
dot. To avoid this, the focus of attention must unambiguously hold
the relevant representation and exclude the irrelevant representa-
tion at each moment an updating operation is carried out. When-
ever a shift to the other digit or to the other dot is required, the
focus of attention must exchange part or all of its contents, and
during this period of focus switching, all updating operations must
be suspended to avoid cross-talk. This imposes an irregular sched-
ule of stop-and-go on the task sets for the updating operations. The
task sets can no longer be left to operate on autopilot, executing as
soon as a fitting stimulus arrives to trigger them. Rather, a sub-
stantial amount of executive control is needed to determine when
to carry out an arithmetic operation or a spatial shift and when to
withhold each of them to await completion of the required focus
switch. These control processes are themselves prone to cross-talk.
For instance, every time that either the digit or the dot or both are
switched, information that a focus switch is required must be sent

Figure 6. Mean reaction times for the four switch conditions in the dual-task condition, averaged across all
phases, for updating operations that applied to a digit and a dot that were assumed to be bound (left) and for pairs
assumed not to be bound (right). Error bars are 95% confidence intervals for within-subject comparisons.
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to the executive control system, which in response issues a stop
command to either the arithmetic task set or the spatial task set, or
both. When the system attempts to carry out arithmetic and spatial
updating in parallel, these streams of information are likely to get
crossed. Finding a way to sort out which executive control process
applies to which task set is likely to be too difficult, or associated
with too little gain of efficiency, to abandon the default way of
doing things, which is to schedule all processes sequentially.

In conclusion, the present findings, together with previous re-
sults, reveal processing limitations that are not easily explained by
structural capacity limits: There is neither a fixed bottleneck that
prevents parallel central operations, nor a focus of attention with a
fixed limit to one element. At the same time, these limitations
cannot be overcome by practice. They are best understood as
functional adaptations to avoid information cross-talk on multiple
levels.
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