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Two experiments with a working-memory updating task investigated dual-task

interference between short-term storage of numerical and spatial material, between

execution of a numerical and a spatial updating operation, and between storage and

processing. Participants memorised a set of digits and a set of spatial positions,

updated elements of both sets by a sequence of operations, and then recalled the

final values. In Experiment 1, a single element in each memory set had to be

updated several times. There was little interference between storage of the two sets,

and between storage and processing, but parallel execution of the two operations

was not possible. In Experiment 2, all elements in both memory sets were updated

in random order. There was substantial interference between memory for the

numerical and the spatial sets, and between storage and processing. Parallel

execution of two operations was again not possible. Moreover, trying to do two

operations simultaneously resulted in impaired memory of final results. The results

support the distinction between the activated part of long-term memory that can

hold elements currently not needed for processing, and a more central, capacity-

limited part of working memory that provides access to its contents for processing.

Dual-task performance is investigated in two research traditions. In the

literature on attention and performance, the focus is on constraints on the

simultaneous selection and execution of actions, such as shadowing spoken

language while playing the piano (Allport, Antonis, & Reynolds, 1972) or
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driving a car while speaking on a cell phone (Strayer & Johnston, 2001).

Research on working memory and reasoning, on the other hand, is mainly

concerned with how well people can hold and manipulate multiple

representations at the same time (e.g., Baddeley & Hitch, 1974; Halford,

Maybery, & Bain, 1986; Logie, Gilhooly, & Wynn, 1994). The purpose of

this paper is to combine the two approaches, thereby investigating to what

degree dual-task costs identified in the two traditions reflect the same

limitations of the cognitive system.

INTERFERENCE BETWEEN CONCURRENT PROCESSES

Research in the attention-performance tradition has been dominated by the

family of bottleneck theories (Byrne & Anderson, 2001; de Jong, 1993;

Pashler, 1994). A bottleneck permits only one process at a time, thereby

forcing all processes to proceed sequentially. Dual-task performance depends

on efficient switching between the two tasks, or between individual steps in

the processing chains needed to accomplish each task. Most bottleneck

theories agree that there is a bottleneck for response selection, that is, the

selection of the appropriate response representation for the current stimulus

representation as prescribed by a mapping rule for the task. There is

evidence that the bottleneck also affects other central processes, including

retrieval from long-term memory (Maylor, Chater, & Jones, 2001; Nino &

Rickard, 2003) and encoding into working memory (Jolicœur & Dell’Acqua,

1998). The demonstration that short-term consolidation of information in

working memory interferes with a concurrent choice reaction is particularly

important in the present context because it suggests a bridge between

bottleneck theories and working memory theories.

The idea of a bottleneck for central processes has been criticised by Meyer

and Kieras (1997), who argued that all central processes can, in principle, be

executed in parallel. They see delays in central processes under dual-task

conditions as a result of strategic deferment; under suitable conditions

executive control processes can schedule the operations on two tasks to

proceed simultaneously without interference. Recent evidence has in fact

shown that under specific conditions (among them giving equal priority to

both tasks and providing opportunity for extensive practice on the dual-task

combination) people can select two responses simultaneously without

interference (Hazeltine, Teague, & Ivry, 2002; Oberauer & Kliegl, 2004;

Schumacher et al., 2001). How well these findings generalise to other task

combinations, however, is still an open question (Levy & Pashler, 2001).

An intermediate position between bottleneck theories and theories that

allow interference-free parallel processing is taken by resource theories

(Navon & Miller, 2002; Tombu & Jolicœur, 2003). They assume that there is
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a fixed amount of resources that can be assigned to central processes at any

time. Resources can be divided among two (or more) processes that run in

parallel, but then each process is slowed down, speed being proportional to

the amount of resources allocated to a process. This idea fits well into

working memory theories that assume a limited pool of resources that must

be shared between storage and processing (e.g., Just & Carpenter, 1992).

INTERFERENCE IN WORKING MEMORY

Working memory is generally conceptualised as a system that holds a limited

amount of information available for cognitive operations (Baddeley, 1986;

Cowan, 1995). It is often operationalised by tasks that require simultaneous

maintenance and processing of information, where the information pro-

cessed can be part of the information maintained or be unrelated to it

(Daneman & Carpenter, 1980; Turner & Engle, 1989). The latter situation

clearly constitutes a dual-task combination, where one task is to maintain a

set of items (e.g., a list of words or digits), and the other task is to process a

separate set of stimuli (e.g., to verify equations). Dual-task research in the

working memory tradition therefore often concerned the interaction

between a short-term memory task and a concurrent processing task.

It is well established that a concurrent processing task impairs short-term

maintenance of a set of items (e.g., a list of digits or words or a set of spatial

positions). Interference depends on the content domain of the two tasks*
little or no dual-task costs are observed between a verbal and a spatial task

(Hale & Myerson, in press), and within the verbal domain the amount of

interference is larger when storage and processing use the same category of

stimuli (both words or both digits) than when different categories are paired

(Li, 1999; Turner & Engle, 1989). Whether similarity between memory

material and processing contents within a category modulates the amount of

dual-task interference is not yet clear (Oberauer, Lange, & Engle, 2004).

The complementary effect of storage demand on processing efficiency is

not observed consistently. In some studies involving variants of the reading

span task (i.e., reading several sentences and memorising one word from

each sentence), reading times increased slightly with increasing memory

load, whereas in others this effect was not observed (for a review, see

Friedman & Miyake, 2004). Anderson, Reder, and Lebiere (1996) reported

that arithmetic tasks were slowed when participants had to maintain a set of

unrelated digits concurrently, and the effect increased with the size of the

memory set. Oberauer, Demmrich, Mayr, and Kliegl (2001), in contrast,

found that arithmetic processing speed was unaffected by an unrelated

concurrent memory load. Only when arithmetic processes required a digit

from the memory set as input were they affected by the size of that set.
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Few studies have investigated dual-task costs of two concurrent short-

term memory tasks. These studies consistently show that one memory
set impairs recall for another one to the degree that the two sets are

similar (Sanders & Schroots, 1969), up to a point where there might be no

mutual interference at all between a verbal set presented auditorily and a

spatial set presented visually (Cocchini, Logie, Della Sala, MacPherson, &

Baddeley, 2002).

Theories of working memory differ in how they account for dual-task

interference between maintenance and processing. Some assume a common

attentional resource that must be shared between maintenance and proces-
sing; this resource is sometimes conceptualised as domain-general (Ander-

son et al., 1996; Engle, Kane, & Tuholski, 1999), whereas others assume

separate resource pools for broad content domains (Just & Carpenter, 1992).

Alternative accounts are based on the assumption that memory traces decay

over time, and the processing task prevents their reactivation (Towse, Hitch,

& Hutton, 2000), or on the assumption that representations used for the

processing task interfere with those to be memorised (Saito & Miyake,

2004). Recently, Barrouillet, Bernardin, and Camos (2004) proposed a model
in which memory reactivation and the concurrent processing task compete

for a bottleneck. Memory traces decay quickly over time, but can be

reactivated whenever the bottleneck becomes free for a brief moment

between two cognitive operations required by the processing task. Therefore,

dual-task interference between storage and processing is mainly dependent

on the rate of operations required by the processing task. The theory of

Barrouillet et al. fits nicely with the assumption that the bottleneck is needed

for consolidation of representations in working memory (Jolicœur &
Dell’Acqua, 1998).

Other theories of working memory distinguish several subsystems or

components and thereby allow for relative independence of maintenance and

processing. Baddeley (1986) distinguishes a central executive system from

two domain-specific slave system that are dedicated to short-term main-

tenance of information. In earlier versions of the theory, the central

executive also took over maintenance functions to supplement the slave

systems; in the current version, the central executive is only a device for
monitoring and supervising task-related processes, but it is extended by a

further storage system, the episodic buffer (Baddeley, 2000). Baddeley’s

model does not explicitly contain a component for the cognitive operations

that work on a task, but there must be a subsystem for what he calls

‘‘contention scheduling’’, that is, the selection and execution of operations,

which is supervised by the central executive. It is clear that short-term

maintenance is relatively independent of processing demands as long as it

can be accomplished by the slave systems. Dual-task interference between
processing and storage can nevertheless occur when the processing task
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generates representations that occupy the slave systems or when it disrupts

rehearsal.
Cowan (1995, 1999) proposed a model of working memory that

distinguishes two components, the activated part of long-term memory

(LTM) and the focus of attention. The focus of attention is thought of as a

domain-general limited resource that must be shared between maintenance

and processing. It can be split among several chunks of representations,

with a limit of approximately four chunks (Cowan, 2001). Short-term

maintenance can be extended beyond four elements by strategies such as

grouping and chunking (i.e., packaging several list elements together into a
single unit).

Surprisingly, few working memory models are explicit about whether two

concurrent processes interfere with each other. The production-system

architectures underlying the models of Anderson et al. (1996) as well as

Just and Carpenter (1992) execute only one production at a time, thereby

implementing a strict bottleneck in addition to the ‘‘soft’’ constraint from

the limited resource pool. Barrouillet et al. (2004) also assume a bottleneck,

and in their account it is responsible for limitations in storage and processing
alike.

The model of Baddeley is largely silent about mechanisms of interference

between two concurrent processes. Within the framework of his model, two

explanations for dual-task costs are engaged. First, when two tasks use

representations from the same domain, they interfere because they use the

same slave system. This would permit parallel processes when the tasks draw

on separate domains (e.g., a verbal and a spatial task). Second, combining

two tasks requires the central executive to coordinate them, and therefore
dual-task costs increase when resources of the central executive are reduced,

for instance in Alzheimer’s Disease (Logie, Cocchini, Della Sala, &

Baddeley, 2004). It is not clear, however, what the central executive does

to coordinate the two tasks, and why this leads to dual-task costs in the first

place, in particular when the tasks come from different domains.

Cowan’s model explicitly permits splitting the resources of the focus of

attention among several elements, and also among several simultaneous

processes, although this comes at the cost of slowing down each process
(Cowan, 1995, pp. 202�203). This idea fits well with the recently developed

resource theories for the PRP paradigm (Navon & Miller, 2002; Tombu &

Jolicœur, 2003).

In an extension of Cowan’s model, one of us (Oberauer, 2002) proposed a

differentiation of the focus of attention. The resulting model consists of

three components that can be regarded as three embedded levels of

availability of representations within the memory system: (1) The activated

part of LTM , in which memory elements can be encoded for short-term
maintenance as long as they are not to be accessed for processing, (2) a
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capacity limited region of direct access that holds a small number of

independent elements available for access for the third component, (3) the

focus of attention , which selects a single representational element (chunk) at

any time as the object of the next cognitive operation. The focus of attention

thereby forms a gate for contents of working memory through which they

are processed one at a time. This conceptualisation fits better with the notion

of a bottleneck than with resource models: The limitation to a single

processing operation arises from the limitation of the focus of attention to a

single element, not from the capacity limit of the direct-access region. This

model, therefore, suggests less interaction between maintenance and

processing than Cowan’s, even for representations in the central, capacity-

limited part of working memory.
Experiments with a numerical memory-updating task (Oberauer, 2002)

provide evidence for the three-layer model. Participants memorised two

short lists of digits. A cue given after encoding designated one of the lists as

the active list, the other as the passive list. Participants then performed a

series of simple arithmetic operations that required access to elements of the

active list, but not the passive list. At the end of the operation sequence, both

lists had to be recalled. Latencies of arithmetic operations depended on the

length of the active list throughout, but ceased to depend on the length of

the passive list about 3 s after the cue. This suggests that elements of the

active list were held in the capacity limited region of direct access, whereas

the elements of the passive list have been removed from the region of direct

access and therefore did not affect processing efficiency any more. Since

participants were able to recall the passive list at the end with reasonable

accuracy, they must have used the activated part of LTM to maintain it. The

differential effect of active and passive list on processing latencies supports

the distinction between the activated part of LTM and the direct-access

region. A second feature of these experiments was that successive arithmetic

operations required access to either the same digit as the preceding operation

or to a new digit within the active set. Access to a new digit was associated

with extra time costs, which increased with the size of the active set (cf.

Oberauer, 2003). This supports the notion of a focus of attention that selects

one digit from the set held in the direct-access region. In the present work,

we will use the three-layer model as a framework for interpreting our results,

contrasting its predictions with those of other accounts wherever both are

precise enough to be distinguished.

THE PRESENT EXPERIMENTS

The purpose of the present experiments was to investigate all three forms of

dual-task interference in working memory simultaneously: interference
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between two sets of memory elements, interference between maintenance and

processing, and interference between two processing operations. To this end,
we combined the experimental design used by Oberauer (2002) for

investigating the interaction of storage and processing with the paradigm

that Oberauer and Kliegl (2004) used for investigating interference between

two cognitive operations in working memory. We used a combination of a

numerical with a spatial memory-updating task. A set of digits (1 or 3 digits)

and a set of spatial positions in a matrix (1 or 2 matrices) were presented for

maintenance, with set sizes varied orthogonally. Digits were updated by

adding 2 (indicated by a high tone) or subtracting 1 (upon a low tone); spatial
positions were updated according to arrows displayed on the screen. In the

sequential condition, encoding of the two sets was followed by a sequence of

operations in one domain (arithmetic or spatial), and then a sequence of

operations in the other domain. In the simultaneous condition, a tone and an

arrow were displayed simultaneously, and participants had to execute both

operations. Updating was self-paced; participants pressed the space bar

whenever they were ready with the current operation (sequential condition)

or pair of operations (simultaneous condition), and this immediately
triggered display of the next operation(s). In Experiment 1, a single element

in each set was updated consecutively; the additional elements (in the larger

sets) were known to be never updated*similar to the ‘‘passive’’ sets in the

experiments of Oberauer (2002). The ‘‘passive’’ elements in each set could

potentially be relegated to the activated part of LTM. In Experiment 2, all

elements were eligible for updating in a random fashion, so all of them had to

be maintained in the direct-access region. Figure 1 provides an illustration of

the sequence of events in a trial of Experiment 1.
We investigated six indicators of dual-task costs. First, set-size effects on

updating latencies in the same domain (e.g., whether the size of the digit set

affected numerical latencies). In line with previous findings with the

memory-updating paradigm (Oberauer, 2002), we expect such an effect

only when the full memory set must be held in the direct-access region, that

is, in Experiment 2. In Experiment 1, only one digit and one dot position

must be held in the direct-access region, regardless of set size. Therefore, we

expect no effect of set size on latencies. Second, set-size effects on updating
latencies in the other domain (e.g., whether the size of the digit set affected

spatial latencies). We predict that no such effects will be observed in

Experiment 1 for the same reasons as above. In Experiment 2, however,

effects of memory demand on processing latencies could obtain even across

domains if the capacity limit of the direct-access region is domain-general.

Third, set-size effects of one set on recall accuracy of the other set. This

effect directly tests for domain-generality of storage devices in working

memory. Research within the framework of Baddeley has supported the
hypothesis of domain-specific storage systems (Cocchini et al., 2002).
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Cowan’s model, however, is committed to a domain-general capacity limit.

The two sides could be reconciled within our three-layer framework:

Working memory contents encoded into the activated part of LTM suffer

from similarity-based interference, but digits and spatial positions are not

expected to interfere with each other because of their extremely low

similarity, so that maintenance appears domain specific. Contents held in

the direct-access region, however, compete for the same domain-general

capacity. Therefore, we expect effects of set size on recall across domains in

Experiment 2 but not in Experiment 1.

The fourth effect of interest is the latency difference between sequential

and simultaneous execution of two operations. Since participants received

relatively little practice in these experiments, we expect that they cannot

execute two operations in parallel. Therefore, latencies in the simultaneous

condition should be substantially longer than what would be expected from

parallel execution of two operations. As explained in detail by Oberauer and

Kliegl (2004), the latency expected from a parallel processing model is

the maximum of a numerical and a spatial updating latency measured in the

sequential condition. We call the difference between this maximum and the

Con-
secutive

Sequential updating of the active spatial
position (7–9 displays)

Consecutive presentation of spatial start positions
 (2 displays)

t

?

beep

2
Consecutive presentation of numerical start values
(3 displays)

Sequential updating of the
active numerical value (7–9
tones)

probing of
final values

(5 displays)

Figure 1. Sequence of displays in a memory updating trial used in Experiment 1. The example is

from a 3/2 set size combination (i.e., 3 digits and 2 dot positions). The frame of the digit to be

updated, as well as the grid of the dot position to be updated, are highlighted in red, illustrated here

by thick lines.
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latency in the simultaneous condition dual-process cost. Fifth, we consider

the effect of memory-set sizes on the size of the dual-process costs. We
assume that dual-process costs reflect a functional1 bottleneck that forces

the central components of the two operations to proceed one after another.

Dual-process costs then reflect the time one process needs to wait until the

central component of the other is completed, and any additional time it

takes to switch from one task set to the other and to switch the focus of

attention from one object in working memory to the other. We further

assume that the duration of both central processes is affected by both

memory set sizes if the memory sets are fully held in the direct-access region
(see the second point above). Therefore, dual-process costs should increase

with memory set sizes in Experiment 2, but not in Experiment 1. The sixth

effect of interest is the effect of processing condition (sequential vs.

simultaneous) on recall of the memory sets. In the simultaneous condition,

the same number of operations is performed as in the sequential condition. If

the two operations in the simultaneous condition simply proceed one after

the other, as a bottleneck would force them to do, they should not

necessarily affect concurrent storage more than in the sequential condition.
Nonetheless, a larger impairment of storage in the simultaneous than in the

sequential condition could arise from two sources. One is that in the

sequential condition one of the two memory sets need not be accessed

throughout the sequence of operations on the other set. The set not updated

could be temporarily removed from the direct-access region. In the

simultaneous condition, in contrast, elements in both sets are continuously

accessed and hence must be maintained in the region of direct access. For

that reason, the simultaneous condition would be expected to place a higher
load on the limited capacity of the direct-access region. A second possibility

is that concurrent processing is limited by a resource shared with the storage

function. In that case, the simultaneous condition might claim a larger

portion of the resource for executing the two operations, leaving less for

storage and thereby impairing memory for the two sets.

EXPERIMENT 1

Method

Participants. Twenty-two high school and undergraduate students

(mean age 18.7 years, SD�/ 3.9, 17 women, 5 men) were recruited from

1 By a functional bottleneck we mean a restriction due to executive parameters in the cognitive

system that are set to serve a function (e.g., to avoid crosstalk between two processes). Under

suitable conditions, these parameters can be changed and the bottleneck disappears (cf. Oberauer

& Kliegl, 2004).
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the Potsdam participant pool. They completed two 1-hour sessions and

received 6 t for each session or course credits.

Design. Each session started with two practice blocks with four trials

each, followed by four experimental blocks with twenty trials each. The

processing conditions (sequential vs. simultaneous) were varied between

blocks in an alternating order that was counterbalanced over participants.

Storage demands for the two tasks were varied over two steps each (1 vs. 3

digits and 1 vs. 2 spatial positions). Their crossing yielded four conditions

that were varied in random order within each block.

Procedure. Stimulus presentation and data collection were controlled by

a 7500 or a G3 Apple Macintosh computer. Participants received a written

instruction describing the task and worked on eight practice trials before the

experimental session. Each trial started with the presentation of the German

word for ‘‘attention’’ for 500 ms, followed by a row of empty frames in the

bottom half of the screen and a row of grids in the top half (see Figure 1).

The number of frames corresponded to the number of digits to be
remembered (i.e., the numerical storage demand) and the number of grids

corresponded to the storage demand of the spatial task. The frames and

grids remained on the screen until the trial was over. Frames and grids were

displayed in one of two colours on a white background: A black frame or

grid denoted that the element should be stored in memory for later recall

(i.e., they were passive elements); a red frame or grid announced that this

element would have to be updated in the present trial (i.e., they were active

elements). In each trial there was one red frame and one red grid; in case of
larger storage demands they were selected at random from the set of frames

or grids used in a trial.

The numerical elements were randomly selected digits between 1 and 9.

The spatial elements were randomly selected dot positions in a 3�/3 grid.

The digits and dot positions were presented one by one at the beginning of

each trial, one in each frame or grid; participants advanced to the next

element by pressing the space bar. Within each set (numerical and spatial),

presentation order was constant from left to right; order of the two sets was
random. When participants pressed the space bar after the last element of a

set, the elements of that set were erased from the screen.

After presentation of both sets of initial elements, the updating phase for

the active elements started. One updating sequence consisted of between

seven and nine updating operations; their number was determined at

random to prevent anticipation of the trial end. Participants worked through

the updating sequence by pressing the spacebar when they completed one

operation (in the sequential condition) or two operations (in the simulta-
neous condition); this immediately triggered presentation of the imperative
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stimulus for the next operation or pair of operations. For the numerical task

the updating operations were indicated by 50 ms tones. The high pitch tone
(900 Hz) required the addition of 2 and the low pitch tone (200 Hz) required

the subtraction of 1 from the current value of the digit in the red frame. Red

arrows in the centre of the red grid indicated the spatial updating operations.

Arrows could point in one of eight directions, and the dot position had to be

updated by one step in the grid following the direction of the arrow. The

operations for the numerical and spatial task were randomly generated for

each participant and session, restricting the intermediate and final results for

the numerical task to the range of 1 to 9 and for the spatial task to the
boundaries of the grid. In the sequential condition a complete sequence of

updating operations of one task was followed by a sequence of the same

number of operations of the other task. The order of the two tasks was

selected at random from trial to trial. In the simultaneous condition two

updating stimuli, one for each task, were presented at the same time for a

sequence of 7�9 pairs of operations, and participants pressed the spacebar

when they were ready with both operations.

In the recall phase at the end of a trial all the passive elements and the
final values of the active elements from both tasks were probed for recall by

a question mark in the respective frame or grid. Order of recall of the two

sets was determined at random, but recall of elements within each set

proceeded from left to right. For the numerical task participants typed their

responses in the upper digit field of the keyboard. For the spatial task

stickers with the nine dot positions were attached to the right numeric

keyboard field such that the key position in the field matched the spatial

position it represented. At the end of recall, a feedback message was
displayed indicating how many elements out of all elements in each task

were correct. The next trial started with another hit on the space bar.

Summary feedback at the end of each session was given including percent

correct for each dual task combination.

Results

Reaction times from trials that were solved incorrectly or reaction times

faster than 250 ms were not included in the analysis. Latencies that exceeded

the individuals’ mean by three within-subject standard deviations were also

discarded.

For the latency analysis we excluded the first numerical and first spatial

reaction time in each trial because they might be associated with a switch

effect in the sequential condition. The remaining reaction times were

averaged within trials (for the numerical and the spatial task in the sequential
condition this was done separately). We report results for the six dual-task
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effects discussed in the introduction, in that order. The results of all

ANOVAs testing these effects are summarised in Table 1. The corresponding

effect sizes are summarised in Table 2. Effect sizes are partial h2, reflecting

the proportion of variance accounted for by the effect relative to the sum of

its variance and the error variance.

Set size effects on updating latencies in the same domain. Only data from

the sequential condition were used for evaluating set size effects on latencies

within and across domains, because only this condition provided separate

latencies for updating operations in the two domains. The latencies and

recall accuracies are shown as a function of the four set size conditions in

Figure 2. They were analysed by ANOVAs with set size of the numerical (2)

and set size of the spatial task (2) as factors. Numerical set size had no effect

on numerical updating latencies. This is in agreement with previous findings

with the numerical memory-updating task (Oberauer, 2002) and confirms

that working-memory contents that need not be accessed (i.e., the ‘‘passive’’

TABLE 1
Overview of dual-task effects: Results from ANOVAs

Condition Exp. 1 Exp. 2 Comparison Exp.1 & 2

Set size effect on latency in same domain

Seq: num set size 0/ num RT 1.77 (.199) 136.52 (B/.001) 133.66 (B/.001)

Seq: spat set size 0/ spat RT 9.09 (.007) 23.52 (B/.001) 20.78 (B/.001)

Set size effect on latency in other domain

Seq: spat set size 0/ num RT 7.70 (.011) 1.75 (.200) 6.60 (.014)

Seq: num set size 0/ spat RT 0.28 (.600) 0.41 (.529) 0.19 (.663)

Set size effect on recall accuracy in other domain

Seq: spat set size 0/ num recall 0.78 (.387) 12.08 (.002) 5.52 (.024)

Seq: num set size 0/ spat recall 0.02 (.893) 22.05 (B/.001) 11.35 (.002)

Sim: spat set size 0/ num recall 0.75 (.383) 18.36 (B/.001) 6.27 (.016)

Sim: num set size 0/ spat recall 2.05 (.167) 17.86 (B/.001) 4.54 (.039)

Dual-process costs (latencies) 86.39 (B/.001) 59.72 (B/.001) 16.04 (B/.001)

Set-size effect on dual-process costs

Num set size 0/ dual-process cost 5.94 (.024) 28.89 (B/.001) 19.40 (B/.001)

Spat set size 0/ dual-process cost 0.12 (.735) 13.54 (.001) 13.63 (.001)

Effect of processing condition (seq vs. sim) on recall accuracy

Processing cond 0/ num recall 1.28 (.272) 13.44 (.001) 3.60 (.065)

Processing cond 0/ spat recall 0.98 (.335) 17.29 (B/.001) 9.68 (.003)

First entry in each cell�/F -ratio, second entry (in parentheses)�/p value; for Experiments 1

and 2, all df�/1, 21; for the comparisons between experiments, df�/1, 42. Sim�/simultaneous

condition; seq�/sequential condition; num�/numerical, spat�/spatial.
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elements) do not have to be held in the capacity-limited component of the

system. Contrary to that pattern, the spatial set size had a small but

significant effect on latencies of the spatial task, suggesting that the passive

element in a spatial set of two dot positions has not been removed from the

capacity-limited part of working memory completely.

Set size effects on updating latencies in the other domain. The effect of

numerical set size on the spatial updating latencies was not significant. The

spatial set size had a significant effect on numerical latencies. This effect

went against what one would expect: With a larger spatial set, the numerical

operations were performed 40 ms faster. These results are consistent with the

assumption that the passive elements from both sets did not place a load on

the limited capacity of working memory. Alternatively, they could be

explained by assuming separate subsystems for numerical and spatial

material.

Set size effects on recall accuracy in the other domain. The set size of the

numerical task affected spatial recall accuracy neither in the sequential nor

TABLE 2
Overview of dual-task effects: Effect sizes

Condition Exp. 1 Exp. 2 Comparison Exps. 1 & 2

Set size effect on latency in same domain

Seq: num set size 0/ num RT 0.078 0.867 0.730

Seq: spat set size 0/ spat RT 0.302 0.528 0.326

Set size effect on latency in other domain

Seq: spat set size 0/ num RT 0.268 0.077 0.136

Seq: num set size 0/ spat RT 0.013 0.019 0.005

Set size effect on recall accuracy in other domain

Seq: spat set size 0/ num recall 0.036 0.365 0.116

Seq: num set size 0/ spat recall 0.089 0.512 0.213

Sim: spat set size 0/ num recall 0.036 0.467 0.130

Sim: num set size 0/ spat recall 0.089 0.460 0.098

Dual-process costs (latencies) 0.804 0.740 0.276

Set-size effect on dual-process costs

Num set size 0/ dual-process cost 0.221 0.579 0.316

Spat set size 0/ dual-process cost 0.006 0.392 0.245

Effect of processing condition (seq vs. sim) on recall accuracy

Processing cond 0/ num recall 0.057 0.390 0.079

Processing cond 0/ spat recall 0.044 0.452 0.187

Entries are partial h2 values. Num�/numerical, spat�/spatial; sim�/simultaneous condition;

seq�/sequential condition.
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in the simultaneous condition. The set size of the spatial task also had no

effect on numerical recall accuracy in the sequential and in the simultaneous

condition. This replicates the findings of no interference between a verbal

and a spatial short-term memory task by Cocchini et al. (2002) and could be

taken as support for two separate subsystems in working memory.

Alternatively, the absence of interference between numerical and spatial

memory demands could mean that representations in the activated part of

LTM interfere with each other only when sufficiently similar.

Dual-processing costs for updating latency. If working memory can

execute one numerical and one spatial operation in parallel without mutual

interference, the latencies in the simultaneous conditions should be no larger

than the maximum of one numerical and one spatial latency measured in the

sequential condition. We obtained a distribution of predicted latencies by

pairing one numerical and one spatial latency, going through the 7�9

updating steps in each trial of the sequential condition and choosing the

longer one from each pair (Oberauer & Kliegl, 2004). Dual-process costs

were defined as the difference between these predictions and the observed

latencies in the simultaneous condition. As illustrated in Figure 3, there was

a dual-process cost of about 600 ms, indicating that our participants were

not able to process the two tasks in parallel in the simultaneous condition.

Set size effects on dual-process costs. Figure 3 also shows that the dual-

process effects were fairly constant over increasing memory set sizes.

Numerical memory set size had a small, but significant effect on the size
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(lines) and percentage of errors (bars) in the sequential condition of Experiment 1. Here and in the
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of the dual-process cost. This effect was in part due to a decrease in latencies

in the sequential condition when numerical set size was higher. The effect of

spatial set size on dual-process costs was not significant.

Effect of simultaneous processing on recall accuracy. Recall accuracies

for both sets were the same in the sequential and the simultaneous

conditions.

Discussion

Increasing the memory sets by one or two elements that only needed to be

maintained but not accessed for processing yielded only minimal dual-task

effects. This is to be expected if the additional ‘‘passive’’ elements are

removed into the activated part of LTM, such that they do not compete for

capacity with the elements to be updated. There was one notable exception

to this pattern: Numerical operations became slower when the spatial set

was increased from one to two dot positions. This could mean that spatial

positions, different from digits, cannot be outsourced into the activated part

of LTM quickly. Alternatively, removing one of the two dot positions from

the direct-access region might be difficult if the two dot positions are

encoded as a configuration. Further research might investigate whether the

size of a spatial set affects concurrent numerical operations if the whole

spatial set is rendered ‘‘passive’’, as opposed to only one out of two dot

positions. A second exception was that latencies in the simultaneous
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Figure 3. Effects of numerical and spatial set sizes and dual tasking on updating reaction times

(RT, lines) and percentage of errors (PE, bars) of the simultaneous and the sequential condition of
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condition (and thereby dual-process costs) increased slightly with numerical

set size. If this effect is reliable, it might indicate that participants did not
completely remove the ‘‘passive’’ digits from the direct-access region in the

simultaneous condition. Still, the size of the effect is negligible compared to

set size effects observed in other comparable experiments (most notably

Experiment 2).

Large dual-process costs were observed in the simultaneous condition, as

expected if the two operations had to be executed serially. The amount of

dual-process interference depended very little on storage demand, and in

turn had no effect on memory, suggesting that the limitations on processing
and on storage are largely independent. This challenges resource models

assuming that storage and processing compete for the same resource. The

lack of set-size effects on operation latencies cannot be dismissed by

assuming that the operations require too few resources to be affected by a

concurrent memory load*a concurrent second operation demand was

sufficient to produce a substantial delay.

The results so far are compatible with the three-layer framework we

proposed. They are also compatible with a model that assumes domain-
specific storage modules (e.g., the slave systems proposed by Baddeley, 1986)

combined with a domain-general processing module. Experiment 2 can

help to decide between these options. The only new feature in Experiment

2 is that all elements in the two memory sets need to be accessed for

updating. According to the three-layer model, this makes it hard to remove

part of the memory load into the activated part of LTM. Therefore,

dual-task costs between storage and processing, as well as between storage

across domains, should be more pronounced in Experiment 2. A model
assuming domain-specific storage modules and a separate processing

module would not predict such a difference between the results of the two

experiments, because it does not distinguish between passive maintenance

for later recall and providing access to working-memory contents for

cognitive operations.

EXPERIMENT 2

Method

Participants. Twenty-two undergraduate and graduate students (mean

age 23.9 years, SD�/ 3.7, 18 women, 4 men) were recruited from the Potsdam

participant pool. They completed two 90-minute sessions and received 9 t

for each session or course credits.

Design and procedure. The experimental design was identical to the

design of Experiment 1 except that the elements to be updated did not
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remain constant within each trial. Instead, all elements in the two memory

sets were updated. This implies that with the larger set sizes the element to be

updated switched repeatedly from one updating cycle to the next. We

assumed that this forced participants to keep all elements within the region

of direct access.

We used the same procedure as in the first experiment except that in the

presentation phase all frames and grids were black. The element to

be updated in each cycle was indicated by turning the respective frame

and the respective grid red. For each new updating cycle the next element

to be updated in each set was selected at random, such that for sets with

large set size there was a switch in half of the cycles and no switch in the

other half. If the element selected for updating switched, the previously red

frame or grid turned black again, and the frame or grid of the new selected

element turned red. In all other regards, the procedure was identical to

Experiment 1.

Results and discussion

Reaction times were trimmed, aggregated, and analysed as in Experiment 1.

We excluded reaction times that were associated with a switch of the element

to be updated, because these switches are known to be associated with extra

costs (Oberauer, 2002, 2003) that would have contaminated the comparison

of results from Experiment 2 with Experiment 1. For the sequential

condition this means that RTs from numerical operations were used only

when the operation was not associated with a switch from one digit to

another within the set, and likewise for RTs from spatial operations;

RTs from the simultaneous condition were used from operations pairs in

which neither of the two operations involved a switch. The results from

ANOVAs on Experiment 2, as well as those for between-experiment

comparisons, are summarised in Table 1; the corresponding effect sizes

can be found in Table 2.

Set size effects on updating latencies in the same domain. Figure 4 shows

the set size effects on latencies within and across domains together with

recall accuracies in the sequential condition. The numerical and the spatial

set sizes had significant effects on the updating latencies in the same domain.

Both effects were significantly larger than the corresponding effects in

Experiment 1. The contrast between the two experiments confirms that

working memory contents that need to be held accessible continuously have

a large impact on concurrent latencies, whereas memory contents that need

not be accessed have smaller effects on latencies (in case of spatial sets) or
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none at all (in case of numerical sets). This pattern is predicted by our three-

layer model of working memory.

Set size effects on updating latencies in the other domain. As in

Experiment 1, there was no evidence for an effect of set sizes in one domain

on latencies of processing in the other domain. This suggests that the

capacity-limited region of working memory is domain specific. This

conclusion, however, must be qualified in light of the effect on recall

accuracy, discussed next.

Set size effects on recall accuracy in the other domain. The numerical set
size had a significant effect on the spatial recall accuracy in both the

sequential and the simultaneous condition. Likewise, spatial set size had a

significant effect on the numerical recall accuracy in both conditions. This

result stands in contrast with Experiment 1 and supports the conclusion that

the capacity limit of the direct-access region is domain-general. We try to

reconcile these two findings in the General Discussion.

Dual-process costs. Dual-process costs were computed as in Experiment
1, but using only pairs of operations that involved no switch in either

operation. Dual-process costs, shown in Figure 5, were again highly

significant and even larger than in Experiment 1.

Set size effects on dual-process costs. As illustrated in Figure 5,

both numerical and spatial set size affected the size of dual-process
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costs. Both these effects were larger than in Experiment 1. The set size

effects on dual-process costs are best understood as another instance of

set size effects on the duration of individual operations. If participants in

the simultaneous condition do the two operations one after the other, the

dual-process costs are bound to increase with the durations of both

operations.

Effect of simultaneous processing on recall accuracy. Different

from Experiment 1, recall accuracy was impaired in the simultaneous

condition compared to the sequential condition. One straightforward

explanation for this finding is that the capacity of the direct-access region

is a resource that must be shared between storage and processing. If we

further assume that trying to perform two operations at the same time

consumes more resources than doing only one, we would expect that

this leaves fewer resources for maintenance. Within the model of Cowan

(1995), this would affect only elements maintained in the central component

of working memory, which is resource dependent, and therefore the

effect would be expected only in Experiment 2, but not in Experiment 1,

where the activated part of LTM takes over a large part of the maintenance

function.

An alternative explanation is based again on the assumption that people

can use the activated part of LTM for temporary maintenance of a currently

not updated set even in the sequential condition of Experiment 2, so that

competition between sets for the limited capacity would be rather small. In

the simultaneous condition, in contrast, both sets must be kept in the direct-
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access region all the time, and hence they compete much more severely for

the general limited capacity, leading to impaired recall.2

Another quite trivial alternative is that in the simultaneous condition

participants are not only slower but also make more errors in updating. This

would also lead to more errors in the recall of final results. In this case,

however, we would expect to see at least a small effect in the same direction

in Experiment 1, because a higher error rate in updating processes also

translates into more errors in final recall of one element in each set. No such

effect was observed, suggesting that the simultaneous condition as such does

not lead to a higher error rate in the updating operations. One might argue

that the simultaneous execution of two processes leads to more updating

errors only under the conditions of Experiment 2, because here the updating

operations are impaired by the concurrent memory load on the limited

capacity of working memory. This line of argument leads back to one of the

first two explanations discussed: The memory load on capacity can impair

processing accuracy either because of resource sharing, or because the

competition for capacity between both sets leads to degradation of the

representations that serve as input for updating operations.

GENERAL DISCUSSION

The two experiments revealed a complex pattern of dual-task effects in

working memory. We investigated interference between two short-term

maintenance requirements, between two concurrent processing require-

ments, and between maintenance and processing within and across domains.

A first important observation is that the results differed markedly between

the two experiments. When only one element from each memory set had to

be accessed for the processing tasks (Experiment 1), there was very little

interference between storage and processing, and between the two storage

tasks. In contrast, when all elements in working memory had to be kept

poised for access (Experiment 2), there was much more mutual interference,

suggesting severe competition for a general capacity.

This overall pattern is strong support for a distinction between two forms

of maintenance in working memory. Contents not needed for access can be

represented in a way that results in little interference with contents from

2 The same explanation could be applied to Experiment 1: Here, too, the simultaneous

condition forces holding two elements in the direct-access region throughout a trial, whereas only

one of them is required there in the sequential condition. In Experiment 1, however, only two

elements compete for capacity in the simultaneous condition, whereas in Experiment 2 it can be up

to five when both set sizes are large. The continuous competition among one numerical and one

spatial element might not be sufficiently severe to generate a noticeable decrease in accuracy in the

simultaneous relative to the sequential condition.
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other domains and with concurrent processes. Contents required for access,

in contrast, must be maintained in a way that gives rise to interference both

with other contents across domains and with processing. In what follows we

consider four models that potentially can account for our findings: A

modular model inspired by Baddeley (1986, 2000), the model of Cowan

(1995, 1999), an extension of the model proposed by Barrouillet et al. (2004),

and the three-layer model of Oberauer (2002). Table 3 gives an overview of

these models’ predictions for the six effects we investigated.

Predictions of a modular model

The modular model rests on three assumptions: First, dual-task costs arise

when task demands compete for the resources of the same module, but not

when they draw on different modules. Second, working memory consists of

two domain-specific storage systems (i.e., the phonological loop and the

visuospatial sketch pad), one domain-general storage system (i.e., the

episodic buffer), and one domain-general processing system. The architec-

ture of the storage systems is taken from Baddeley (2000); the assumption of

a domain-general processing system stems from Bayliss, Jarrold, Gunn, and

Baddeley (2003). Third, contents currently not required for processing can

be maintained in the slave systems, whereas contents required for processing

must be held in the episodic buffer. This assumption is not part of Baddeley’s

theory; it is added here in order to account for the differences between

results in Experiment 1 and Experiment 2.

The modular model predicts that an increase in set size leads to an

increase of demands on the slave systems in Experiment 1. The slave systems

TABLE 3
Predictions of four models for the six dual-task effects

Modular model

Resource-sharing/

bottleneck sharing Three-layer model

E1 E2 E1 E2 E1 E2

Set size 0/ latency in same domain no no no yes no yes

Set size 0/ latency in other domain no no no yes no no

Set size 0/ accuracy in other domain no yes no yes no yes

Dual-process costs yes yes yes yes yes yes

Set size 0/ dual-process costs no no no yes no yes

Processing condition 0/ accuracy (yes) (yes) (no) (yes) (no) yes

E1�/Experiment 1, E2�/Experiment 2. Predictions in parentheses are effects that can be

predicted within a model by making additional assumptions (as explained in the text). Predictions

in italics are in conflict with the results.
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are separate from the processing module, so an increase in set size should

have no effect on processing speed. For the same reason, it should have no
effect on the size of dual-process costs. Since each slave system has its own

resources, increasing set size in one domain should not affect recall of

material from the other domain. Performing two operations can occur in

parallel if they share the resource of the processing module, but this leads to

slowing of both operations (i.e., dual-process costs), and potentially to

errors. Such errors would result in worse recall of final results, so the

modular model can predict an adverse effect of simultaneous processing on

final recall. In Experiment 2, both sets must completely be maintained in the
episodic buffer. Therefore, they compete for the same resource, resulting in

an effect of set size on recall accuracy in the other domain. Still, no effect of

set size on operation latencies or on dual-process costs is expected because

the resources of the episodic buffer are separate from those of the processing

module. In all other regards, the predictions for Experiment 2 are the same

as for Experiment 1 for the same reasons.

The modular model accounts for the majority of our results, but it has

problems with three findings: First, it does not predict the set size effects on
processing latencies, second, it does not predict set size effects on dual-

process costs, and third, it cannot predict an effect of simultaneous (vs.

sequential) processing on final recall accuracy in Experiment 2 without

predicting the same for Experiment 1.

Predictions of resource-sharing and time-sharing models

The model of Cowan (1995) assumes that contents of working memory can

be held in the activated part of LTM or in the focus of attention. The focus

of attention has a limited resource that is domain-general and must be

shared between storage and processing. Information in the activated part of

LTM does not compete for limited capacity, but interferes with each other

through mechanisms of retrieval competition, where similar representations

can be confused or block each other. To accommodate the present findings,

we make the further assumption that information currently not needed can
be maintained in the activated part of LTM, whereas contents that need to

be accessed for processing must be held in the focus of attention.

In Experiment 1, an increase of set size should have no effect on operation

latencies because the additional memory contents can be maintained in

activated LTM without competing for capacity with concurrent processes.

An increase in set size therefore also does not increase dual-process costs.

Furthermore, because verbal and spatial contents in the activated part of

LTM are not similar to each other, they do not generate retrieval
interference, so that no effect of set size on accuracy of recall in the other
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domain is to be expected. Dual-process costs arise because concurrent

processes compete for the resources of the focus (Navon & Miller, 2002;
Tombu & Jolicœur, 2003). As in the modular model, this can lead not only to

slowing of the two operations, but also to errors, and in that case the

simultaneous condition would lead to worse final recall than the sequential

condition. In Experiment 2, both sets need to be maintained completely in

the focus of attention. Therefore, a larger set size implies a larger demand on

the limited resource of the focus, which slows down concurrent processes.

Since the capacity of the focus is domain-general, the model also predicts

that increasing set size in one domain will impair recall in the other domain.
Dual-process costs again arise from competition for resources of the focus,

and they become exacerbated when larger sets must be held in the focus, so

that set size should have an effect on dual-process costs in Experiment 2. The

simultaneous condition could result in worse final recall if, compared to the

sequential condition, more resources are allocated to processing and thereby

drawn away from storage. Since the competition for resources in the focus is

higher in Experiment 2 than in Experiment 1, Cowan’s model can explain

that processing condition affects final recall in Experiment 2 but not in
Experiment 1.

The third model we consider is an extension of the time-sharing model by

Barrouillet et al. (2004). This model assumes that information in working

memory decays over time, but can be refreshed through retrieval. A

processing bottleneck that must switch between performing cognitive

operations and refreshing memory contents. In order to explain the different

results of Experiments 1 and 2, the model needs the additional assumption

that contents not needed as input for processing can be outsourced into the
activated part of LTM. Once encoded in LTM, information does not decay

any more (at least not over the brief time of a trial in the current

experiments), so that maintaining it does not require bottleneck time.

Note that this assumption deviates from Cowan’s (1995) conception of the

activated part of LTM, for which he assumes decay as one mechanism of

forgetting. The extended time-sharing model makes the same predictions for

our experiments as Cowan’s model, because it simply replaces competition

for the resource of the focus of attention by competition for the processing
time of the bottleneck.

The resource-sharing and time-sharing models, extended by the option of

outsourcing information not currently needed for processing, come very

close to explaining all the findings from our experiments. Apart from the

inconsistent effects of numerical and spatial set size on processing latencies

of the same domain in Experiment 1, they fail on only one effect: Because

the focus of attention as well as the bottleneck are domain general, set size

should have an effect on latencies in the other domain in Experiment 2. The
Cowan model and the extended Barrouillet model explain the cross-domain
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set size effects on accuracy and on latency by the same mechanism*
resource sharing or sharing of bottleneck processing time*so they predict
that these effects should be the same. We obtained strong effects of set size

on recall accuracy in the other domain, but consistently no effect on

latencies.

Predictions from the three-layer model

The three-layer model (Oberauer, 2002) shares with the previous two models
the assumption that contents can be maintained in the activated part of

LTM when they are not currently needed for processing. Information

required for ongoing operations must be held in a capacity-limited

component, the direct-access region. The capacity limit of the direct-access

region is domain-general, but contrary to Cowan (1995, 1999) it applies only

to maintenance of representations, not to processing. The source of this

capacity limit could lie in mutual degradation of representations through the

overwriting of shared features (Oberauer & Kliegl, 2001), or in a limited
ability to maintain separate bindings between content elements and their

contexts (e.g., their positions on the screen; Oberauer, Süß, Wilhelm, &

Sander, in press). Elements held in the direct-access region are candidates for

selection by the focus of attention. Therefore, holding several elements in the

direct-access region leads to slowed processing to the degree that the

elements compete for access into the focus of attention. Competition

increases if the elements are similar to each other, because similarity makes

it difficult to limit the focus to the relevant element and exclude irrelevant
ones. This effect is similar to a flanker effect in visual focused attention.

The model predicts set size effects on latencies if the whole set needs to be

held in the direct-access region (i.e., in Experiment 2, but not in Experiment

1), but only if the elements of the set are similar to the element to be

processed. Therefore, set size effects on latencies are expected only within but

not across domains. Set size effects on recall accuracy, in contrast, should

occur across domains in Experiment 2 because here both sets compete for

the limited capacity of the direct-access region. Dual-process costs arise from
the fact that the focus of attention selects only one object at a time for

processing, thereby forcing two operations to proceed sequentially. Dual-

process costs increase with larger set sizes in Experiment 2 because here set

size affects latencies of the individual operations within each domain. The

model can also explain the negative effect of simultaneous processing on

final recall in Experiment 2: In the simultaneous condition elements from

both sets must share the limited capacity of the direct-access region

throughout a trial, whereas in the sequential condition, a set not currently
needed can be removed into the activated part of LTM within a few seconds.
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The two sets would compete for capacity only briefly at the beginning of the

trial and again after the switch, but not throughout the whole trial.
Therefore, the memory sets in the sequential condition suffer less degrada-

tion than in the simultaneous condition, resulting in better final recall.

The three-layer model explains all effects in the present data with only one

exception. Like all the other models it cannot explain without ad hoc

assumptions why in Experiment 1 set size effects on latencies in the same

domain differed between the numerical and the spatial task. Further

research will hopefully clarify the nature of the differences between working

memory for numerical and for spatial material.
To conclude, the comparison of our two experiments provides strong

evidence for the distinction between maintaining information not needed for

ongoing cognitive operations, and providing access to information as input

for operations. This difference can be mapped to the distinction between the

activated part of LTM and a more central, capacity-limited component of

working memory (Cowan, 1999; Oberauer, 2002) or to the distinction

between the slave systems and the episodic buffer (Baddeley, 2000). The four

models discussed here all incorporate this distinction and thereby can
account for our findings reasonably well. Assumptions about the interac-

tions between storage demand (i.e., set size) and processing demand,

however, lead to subtle differences between the models. The three-layer

model in the form presented here gives the best account of the data from our

experiments. To achieve this close fit, we made one important new

assumption that was not part of the original model (Oberauer, 2002): An

increase of set size in the direct access region leads to mutual degradation of

representations even across domains. The effect of set size on operation
latencies, however, is mediated through a different mechanism, the competi-

tion of similar elements for selection by the focus of attention.

PrEview proof published online 24 February 2006
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