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Abstract. In two experiments participants held in working memory (WM) three digits in three different colors, and updated individual digits
with the results of arithmetic equations presented in one of the colors. In the memory-access condition, a digit from WM had to be used as the first
number in the equation; in the no-access condition, complete equations were presented so that no information from WM had to be accessed for
the computation. Updating a digit not updated in the preceding step took longer than updating the same digit as in the preceding step, a time
difference referred to as object-switch costs. Object-switch costs were equal in access and no-access equations, implying that they did not reflect
the time to retrieve a new digit from WM. Access equations were completed as fast as no-access equations, implying that access to information in
WM is as fast as reading the same information. No-access equations were slowed by a mismatch between the first digit of the presented equation
and the to-be-updated digit in WM, showing that this digit is automatically accessed even when not needed. It is concluded that contents and their

contexts form composites in WM that are necessarily accessed together.
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Working memory (WM) is a system for temporary mainte-
nance and manipulation of a small number of representa-
tions, which we will refer to as mental objects.
Manipulation of WM contents typically involves cognitive
operations on a subset of the objects. For instance, when
we count the number of exemplars in two categories, we
maintain two counters in WM, one for each category.
Updating one counter involves selectively accessing its cur-
rent value, incrementing it by one, and replacing the old
value with the new one. Thus, WM needs a mechanism
for selectively accessing individual objects for manipulation.
We refer to this mechanism as the focus of attention in WM
(Garavan, 1998; Oberauer, 2003).

Using the two-category counting task introduced above,
Garavan (1998) has first measured the time cost of switching
the focus of attention from one object in WM to another.
Compared to repeated updating of the same counter, switch-
ing to the other counter took about 300 ms longer (a time dif-
ference referred to as object-switch costs). Object-switch
costs of about the same size were also found in an arithmetic
WM task (Oberauer, 2003). In these experiments, partici-
pants encoded a small set of digits, each displayed in a differ-
ent frame on the screen. They then saw a series of arithmetic
operations (e.g., “+3” or “—2”) in individual frames, and
applied the equation to the digit they remembered in that
frame, typing the response. When the next operation was dis-
played in the same frame, reaction times were several
100 ms faster than when the frame was switched.

The aim of this work is to test two alternative explanations
of object-switch costs, and by implication, two hypotheses
(cue-based retrieval vs. composite-object hypothesis) about
the nature of representations in WM. According to the cue-
based retrieval hypothesis, accessing contents of WM is like
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retrieval from long-term memory. In this view, the informa-
tion specifying the relevant element in WM (e.g., the spatial
location of the frame in which the to-be-retrieved digit had
been presented, or the digit’s color, as in the present experi-
ments) serves as a cue to the content bound to it. When the
cue points to a different object than before (i.e., demands an
object switch), the content bound to it must be retrieved into
the focus of attention, where it replaces the previous content.
This retrieval process takes time, and object-switch costs
reflect at least in part this time.

The alternative hypothesis is that representations in WM
are tightly bound composites of contents (e.g., numerical
values) and the contexts by which they can be accessed
(e.g., their colors or spatial locations). Accessing any part
of such a composite representation (which we may refer
to as “object”) necessarily involves accessing the whole
composite. Thus, bringing one context (e.g., one digit’s spa-
tial location) into the focus of attention necessarily implies
bringing the content bound to it (i.e., the numerical value)
into the focus at the same time. In this view, object-switch
costs reflect the time it takes to remove the current object
from the focus of attention and replace it with a new one,
as well as the time for deciding among several objects cur-
rently held in WM which one to bring into the focus. This
composite-object hypothesis is motivated theoretically by
memory models in which the representational units are vec-
tors of features that include content features and context fea-
tures alike, such as MINERVA2 (Hintzman, 1986), REM
(Shiffrin & Steyvers, 1997), and for short-term memory,
the Start-End-Model (Henson, 1998). In addition, the com-
posite-object hypothesis is empirically motivated by the
finding of Luck and Vogel (1997) that the capacity of visual
WM is roughly the same for visual objects with one, two, or
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three features, suggesting that objects are represented as
integrated composites rather than loose bundles of
features.

To test between these hypotheses, we conducted two
experiments with an updating variant of the arithmetic
WM task (Oberauer, 2003) in which digits were bound to
colors. We compared no-access operations, in which com-
plete equations were displayed (e.g., “2 + 57), and access
operations, in which incomplete equations were displayed
(e.g., “t5”) and participants had to take the first argument
of the equation (i.e., the first addend or subtrahend) from
WM.

The cue-based retrieval hypothesis would assume that
with complete equations, a representation of the cue (i.e.,
the currently relevant color) is generated in the focus of
attention, the result of the equation is computed from the
information on the screen, and the result is bound to the
cue. With incomplete equations an additional step is
required on object-switch operations: After generating the
cue, the current digit value bound to it must be retrieved into
the focus of attention, and only then can computation of the
equation’s result commence. Retrieval of the digit is
assumed to take time, which accounts for the object-switch
cost. Therefore, the cue-based retrieval account predicts that
access operations will take longer than no-access operations,
but only when an object switch is required — when the object
of the last operation is used again, it is already in the focus
of attention and therefore does not have to be retrieved.
Hence, object-switch costs should be larger in the access
than in the no-access condition.

The composite-object hypothesis, in contrast, assumes
that access condition and no-access condition are treated
in the same way. In both cases, the perceptual cue serves
to identify one object in WM to be selected for the focus
of attention, based on the match between the perceptual
input and the context component of each candidate object.
In the case of an object switch, the object currently held
in the focus must be replaced by another object, which takes
time. After the relevant object has been established in the
focus of attention, the arithmetic equation is solved, and
the content aspect of the object in the focus is updated with
the result. Therefore, the composite-object hypothesis
predicts that object switching incurs a time cost, but there
should be no difference in latencies between access and
no-access operations. Both access and no-access operations
require focusing on the relevant object to ensure that the
relevant object, and no other, is updated.

Experiment 1

Method

Participants

Twenty members of the Bristol University community, 19
women and 1 man, between the ages of 17 and 35 years

took part in Experiment 1. All had full color vision.
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Materials

Each trial consisted of three digits in three different colors
(red, green, and blue), which served as initial values, and
a series of nine updating equations. The equations were
presented in one of the three colors, and their color indicated
which digit was to be updated by the equation’s result.
Across all trials the equations were constructed by fully
crossing five variables: (1) object switch, with two levels,
repetition and switch (corresponding, respectively, to repeti-
tion of the same color as on the preceding equation and
switch to another color); (2) access demand of first argument
in the equation, with two levels, access and no-access; (3)
access-demand switch, with two levels, repetition or switch-
ing; (4) operator (plus or minus); and (5) operator switch
(repetition of the preceding equation’s operator or switch).
Crossing these five variables generated 32 kinds of equation
templates. Only the first two variables were of theoretical
interest, the remaining three served to control potential
confounds.

A computer program constructed the trials by first select-
ing three different digits at random as initial values. Next, an
initial equation was constructed by choosing at random one
digit to be updated by it, an operator, two arguments, and an
access-demand condition. The initial equation could not be
classified with regard to the repetition or switching variables
and was not included in analyses. The sequence of the
remaining eight equations was constructed as follows.

For each equation one of the 32 types of templates was
selected at random. Concrete digits and operation signs were
then filled in depending on the current values to be held in
WM and the type of the preceding equation. The digits in an
equation were determined at random with the constraint that
the result had to be in the range of 1 to 9, and no equation
had two identical arguments (e.g., 2 + 2). For no-access
equations, the first argument never matched the digit cur-
rently held in WM for the same color. Each equation was
assigned a color indicating which memory digit it is meant
to update. The color assignment was the same as that of the
preceding equation for object-repeat equations and selected
at random among the remaining two colors for object-switch
equations.

In this way, 56 trials were constructed, generating 13—15
equations of each of the 32 types.

Procedure

Each trial was initialized by the word “START” displayed
for one second (see Figure 1), followed by the central
presentation of the initial digits, one by one, each in a differ-
ent color. The colors always appeared in the order: red,
green, and blue. Participants remembered which digit was
presented in which color. They moved on after each digit
by pressing any number key. After the key press to the third
digit, the equations were presented centrally one by one in
their assigned colors. Participants had to solve the equation
and type the result on the keyboard. In the no-access condi-
tion participants worked out the answer for the complete
equation displayed. In the access condition they had to
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Figure 1. An example of a trial in Experiments 1 and 2.
After the “Start” signal, the three initial values are shown
one by one in their respective colors, followed by
arithmetic equations. Each equation’s color indicates
which digit is to be updated by the result. After nine
equations, the final values are probed for recall by
question marks, presented in the same order of colors as
the initial values. Different colors are represented by
different fonts in this figure.

complete the equation by inserting the digit they currently
remembered in the same color as the equation. In both cases,
participants had to replace the memorized digit in the color
of the equation by the result of the equation. For example, if
the starting value of the red digit was 6, and the first red
equation consisted of +3, participants had to type 9 as an
answer of the equation and replace 6 by 9 in WM. Next time
if an equation consisted of —2 in red, participants had to
type 7 as an answer and to remember it, but if the equation
consisted of / + 3 colored in red, participants had to type 4
as an answer and to remember it. One hundred milliseconds
after a result was entered, the next equation was displayed.
After the response to the last equation in the series, the final
three digits were probed for typed recall by three colored
question marks, displayed one by one in the same order
as in the initial phase.

Before the test trials, participants worked through seven
practice trials, which were excluded from the data analysis.

Results

Reaction times (RTs) associated with incorrect responses
and outliers were excluded from analysis. Outliers were
defined as RTs shorter or longer than three intra-individual
standard deviations (SDs) of an individual’s mean within
each object-switch condition (1.8% of all data points). We
submitted RTs and error rates to ANOVAs with object
switch and access demand as independent variables.

For RTs, there was a significant effect of object switch,
F(1, 19) = 164.0, p < .001, 5,> = .90, and a main effect
of access demand, F(1, 19) = 6.9, p = .02, r]p2 = .27. These
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effects are shown in the left panel of Figure 2. Replicating
previous results, RTs were much larger for object-switch
than for object-repetition operations. Contrary to the predic-
tions from the cue-based retrieval hypothesis, access opera-
tions were faster than no-access operations. The interaction
was not significant, F(1, 19) = 1.4, p = .25, npz =.07.

For error rates, there was a main effect of access
demand, F(1, 19) = 9.5, p = .006, 1, = .33, which inter-
acted with object switch, F(1, 19)=11.24, p = .003,
np2 = .37. As shown in Figure 2, more errors were commit-
ted on access operations with an object switch.

Discussion

The RT data revealed object-switch costs of equal size for
access and no-access equations, contrary to the assumption
that retrieval of a new object contributes to the object-switch
costs. Moreover, access equations required less time than
no-access equations. This finding implies that processing
information represented in WM took no more time than
processing information visible on the screen. These results
support the composite-object hypothesis.

The error data show a different picture, with more errors
on access than on no-access equations, but only when the
access equations involved an object switch. This interaction
can be explained by assuming that memory for digit-color
bindings in WM outside the focus of attention is occasion-
ally lost or distorted. Therefore, when people access a
new digit based on a given color, they sometimes access
an object with the wrong numerical value (when the given
color was accidentally bound to another digit), or fail to
access any object at all and then have to continue by guess-
ing. This cannot happen in the no-access condition, when
the complete equation is presented. Errors also occur rarely
in the access condition without object switch, because the
digit to be accessed is still in the focus of attention. Taken
together, the data imply that access to WM is as fast as,
or even faster than, access to visible stimuli, but sometimes
fails to access the correct information.

A puzzling result of Experiment 1 was that RTs on access
equations were actually faster than those on no-access equa-
tions. One explanation could be that in the no-access condition
the first argument of the presented equation never matched the
to-be-updated digit in WM. According to the composite-
object hypothesis, the color of the equation automatically
brings the object consisting of that color and the numerical
value bound to it into the focus of attention, even in the no-
access condition. In that case, the retrieved digit could inter-
fere with the mismatching digit presented as the first argument
of the equation. To test this hypothesis, in Experiment 2 we
manipulated the match between the to-be-updated digit and
the first argument presented in no-access equations.

Experiment 2

Experiment 2 replicated Experiment 1 with only one
change: In the no-access condition, in half of the cases the
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2 Figure 2. Mean RT (s) and error rate
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Object switch condition

first argument in the presented equation matched the digit
currently held in WM in the same color and in the other half
of the cases the argument mismatched the digit held in WM.

Method
Participants

Twenty-four members of the Bristol University community,
between 17 and 35 years old and with full color vision, took
part. Four participants were excluded because of excessive
error rates (> 50%) on the access operations.

Materials

Materials and procedure were the same as in Experiment 1
with the following exception: In Experiment 2, for no-access
condition, the first argument of an equation was the same as
the digit in WM bound to the color of the equation in half of
the cases, and different in the remaining cases.

Results

The same criterion for removing outliers (1.9% of all data
points) was applied as in Experiment 1. Mean RTs (s) and
errors (%) are presented in the right panel of Figure 2. Both
dependent variables were analyzed through ANOVAs with
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Object switch condition

object switch and access demand as independent variables.
Because the access-demand variable had three levels, we
broke it down into two nonorthogonal contrasts. The
access-demand contrast compares access and no-access in
the condition where the first argument of the equation
matched the current numerical value in WM, thus holding
match constant. The match contrast compares no-access
conditions with match and mismatch, thus holding access-
demand constant.

A substantial object-switch cost was again obtained for
RTs, F(1, 19) = 278.1, p < .001, npz = .94. RTs did not dif-
fer for access and no-access operations when match was
held constant, F' = 0.1, but no-access operations with a
match between the equation’s first argument and the current
value in WM were 120 ms faster than no-access operations
with a mismatch, (1, 19) = 7.6, p = .01, n,> = .29.

As in Experiment 1, error rates were largest on access
operations involving an object switch; this is reflected by
the significant interaction of object switch with the access-
demand contrast, F(1, 19) = 7.7, p = .01, n,> = .30. The
corresponding main effects of object switch and of the
access-demand contrast were also significant, F(1, 19) =
9.6, p=.006, n,>=.34, and F(1, 19) =214, p <.001,
np2 = .53, respectively.

One important result of this experiment is the null effect
of access demand on RTs. Conventional null hypothesis test-
ing cannot provide support for the null-hypothesis that
access and no-access operations take the same amount of
time. One way of defending a conclusion in favor of the null
hypothesis is to determine whether the statistical test had
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Table 1. Power for detecting an effect of access demand in
Experiment 2 for a range of effect sizes

Effect (ms) Effect size (Cohen’s d) Power
50 .166 .20
100 332 47
150 498 .76
200 .663 93
250 .830 .99
300 1.0 99

Note. Effect size is given as Cohen’s d (the ratio of the mean
effect by its SD) based on the empirical SD and correlation
between the two conditions (access vs. no-access match). Cal-
culations were made with G-power (Faul, Erdfelder, Lang, &
Buchner, 2007).

sufficient power for detecting an effect if there was one.
Power analysis hinges on an assumption about the effect
size to be expected, and in the present case it is difficult
to derive an expected effect size because there is no directly
relevant empirical precedent or a theoretical reason for
assuming that the effect of access demand should be of a
certain size. Therefore, we provide power calculations for
a range of effect sizes, see Table 1. The table shows that
our experiment had sufficient power to detect an effect of
200 ms or more, but because it is conceivable that the true
effect of access demand is smaller, that result is not entirely
conclusive.

A more convincing argument in favor of the null hypoth-
esis can be made through a model comparison method as
recommended by Glover and Dixon (2004). We represented
the null hypothesis by an ANOVA model without an effect
of access demand, and the alternative hypothesis by a model
in which that effect was included, with its size treated as a
free parameter estimated from the data. We computed the
likelihood ratio in favor of the null hypothesis and against
the alternative hypothesis. The likelihood ratio necessarily
favors the model for the alternative hypothesis because the
null-hypothesis model is a more constrained special case
of the alternative model. Even a trivial difference between
access and no-access condition arising purely from chance
will result in a better fit of the alternative model. There
are two methods of correcting for the gain in likelihood
expected by chance alone, one building on the Akaike Infor-
mation Criterion (AIC) and the other on the Bayesian
Information Criterion (BIC). Using the BIC-based correc-
tion, the corrected likelihood ratio Ag in favor of the alterna-
tive hypothesis was 0.101. The likelihood ratio in favor of
the null hypothesis is its inverse, implying that the null
hypothesis is nearly 10 times as likely as the alternative
hypothesis after correction for the free parameter. Using
the AIC-based correction, the likelihood ratio Ac in favor
of the alternative hypothesis was 0.249, implying a likeli-
hood ratio in favor of the null hypothesis of 4. We conclude
that, taking model complexity into account, the null hypoth-
esis of no difference between RTs in the access and the no-
access condition is much better supported by the data than
the alternative hypothesis.
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Discussion

When the first argument of the equation displayed on the
screen matched the digit that was bound to the equation’s
color in WM, processing time for access operations and
no-access operations was indistinguishable, confirming that
access to information in WM is as fast as access to percep-
tual information. When the presented digit mismatched the
corresponding digit in WM, processing was slowed by
about 120 ms. This slowing shows that perceiving the color
of the equation automatically raised the availability of the
digit bound to it, so that it interferes with the visually
presented digit. This finding confirms a further prediction
of the composite-object hypothesis, which assumes that
focusing on one component of the composite (i.e., the color)
necessarily implies focusing on the other component (i.e.,
the numerical value).

General Discussion

We conducted two experiments investigating how the focus
of attention accomplishes selective access to WM contents,
contrasting two hypotheses (cued-retrieval vs. composite-
object hypothesis). According to the cued-retrieval hypothe-
sis, access to a specific content of WM is accomplished by
retrieving one content representation, such as a digit or a
word, into the focus of attention, based on a context cue.
Thus, the time for retrieving a new content representation
into the focus of attention should contribute to object-switch
costs. No such retrieval is necessary in the no-access condi-
tion, and therefore, overall RTs and object-switch costs
should be smaller in the no-access condition. These predic-
tions were disconfirmed by the present data.

According to the composite-object hypothesis the con-
text and content representations are tightly bound in WM,
such that the focus of attention cannot select one without
the other. The content of the focus therefore is the whole
composite object of a color and the digit value bound to
it. Object-switch costs arise because it takes time to
exchange the current object in the focus of attention by a
new one. In the present experiments, access and no-access
conditions both necessitated selective focusing on one object
because that object had to be updated by the arithmetic
result. As a consequence, both conditions are expected to
take the same amount of time and engender the same
object-switch cost, and this is what we found.

One alternative explanation might be considered for our
finding of equal RTs for the no-access and the access condi-
tion. The access condition resulted in more errors on object-
switch operations, so one could argue that the cue-based
retrieval hypothesis is correct after all, such that retrieval
of a new digit in WM does involve an additional difficulty,
and it is only because of a speed-accuracy trade-off that this
effect shows only in error rates and not in RTs. We think this
explanation highly unlikely for two reasons. First, it presup-
poses that people selectively trade accuracy for speed on
those operations that require memory access and involve
an object switch, but not in the other conditions. There is
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no reason why they should do that. Second, a speed-accu-
racy trade-off is unlikely to precisely cancel out the hypo-
thetical RT effect of memory access in two experiments.
The composite-object hypothesis, together with the well-
supported assumption that maintenance of three items in
WM is less than perfect, predicts precisely the pattern of
data that we obtained. Therefore, although we cannot rule
out that a systematic and selective speed-accuracy trade-
off has generated the present data, we argue that an explana-
tion along the lines of the composite-object hypothesis is
much more plausible.

Experiment 2 confirmed a further prediction of the com-
posite-object hypothesis: Even when not needed, the digit
value bound to the selected color enters the focus. If selec-
tion of the to-be-updated object starts concurrently with pro-
cessing the arithmetic equation, the digit value brought into
the focus could inadvertently leak into the processing of the
first argument. This is particularly likely in a task where on
average every second arithmetic operation required using
the digit value in the focus of attention as the first argument.
As a consequence, a mismatch between the current numer-
ical value of the to-be-updated object and the first argument
of the equation slows down processing, as we observed in
Experiment 2.

We found that with object repetitions as well as with
object switches, accessing a numerical value from WM
apparently does not take longer than reading it off the screen.
This observation contrasts with the findings of Oberauer,
Demmrich, Mayr, and Kliegl (2001). In the memory-access
conditions (conditions C and D) of their Experiment 2, par-
ticipants started each trial with committing to memory three
or six digits, displayed in a row of boxes. Then they worked
through a series of arithmetic operations such as “+3”, start-
ing from a given value. For half of the operations the number
to be added or subtracted was presented on the screen,
whereas for the other half, the digit was replaced by an X,
and an arrow pointed at one of the (now empty) boxes to
indicate which digit from memory to insert in place of the
X. Young adults took 1-2 s longer for operations involving
memory access than for operations with digits on the screen.

The discrepancy between those results and the present
ones can be resolved as follows: In the experiment of
Oberauer et al. (2001), there were three or six objects to
be held in WM for access, as well as a further single object
— the current value of the arithmetic chain — that had to be
updated. Operations that required no memory access also
required no switch of the focus of attention, they could be
applied immediately to the result of the preceding operation,
which was still in the focus. Operations that required
memory access, in contrast, forced the focus to switch away
from the to-be-updated digit to the digit cued by the arrow,
and then to switch back to the to-be-updated digit. The
increased reaction times for memory-access operations in
Oberauer et al. (2001) can therefore be interpreted as the
costs of two object switches; they do not necessarily reflect
the time for retrieving information from WM.

In the same way, an apparent discrepancy between our
results and those of McElree (2006) can be explained.
McElree studied retrieval times for items in different list
positions through the speed-accuracy trade-off method. He
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measured slower rates of retrieval for items outside the focus
of attention than for the one item inside the focus (which is
assumed to usually rest on the last item presented). Slower
rates in speed-accuracy functions for items outside the focus
do not necessarily mean that a single process runs more
slowly outside than inside the focus. Rather, they could
reflect the need to add a further process, switching the focus
to a new object. Adding a further process to a cascade of
processes can translate into a slower rate of speed-accuracy
functions (McClelland, 1979).

In sum, the present results show that there is no process
of retrieval from WM over and above the act of focusing on
the context that identifies the relevant content. The context
and the content bound to it are necessarily selected together,
so that they are jointly held in the focus of attention. In the
present experiments, both the access and the no-access con-
dition required selecting an object to be updated. At least in
the access condition — possibly also in the no-access condi-
tion — the selection of the relevant object would have to be
the first step of each updating event. Once the relevant
object is selected into the focus, its current numerical value
becomes available without any further retrieval process.
Therefore, the arithmetic operation can proceed with it as
fast as when the complete equation is presented on the
screen.

The support for the composite-object hypothesis
obtained in our experiments converges with the emerging
view of visual WM as holding representations of unitized
objects as opposed to loose bundles of features (Logie,
Brockmole, & Vandenbroucke, 2009; Luck & Vogel,
1997). In both cases, the evidence points toward tightly
bound chunks as the contents of WM. There is, however,
one potentially important difference between our findings
and the evidence for unitized objects in visual WM: We
obtained evidence for a tight binding between contents
and the contexts by which they are distinguished and
retrieved, whereas the objects in visual WM are conceptual-
ized as tightly bound composites of content features (such as
color and shape). We are not aware of any evidence showing
that, in visual WM, content features and their contexts are
tightly bound. At least for one kind of context, spatial
location, the existing evidence points to rather loose con-
tent-context bindings that dissipate within a few seconds
after encoding (Treisman & Zhang, 2006). Conversely, in
verbal WM there is not much evidence pertaining to how
tightly the features of a chunk are bound to each other.
The assumption that visual WM holds tightly bound objects
rather than collections of features is based on findings that
only the number of objects, not the number of features, mat-
ters for memory accuracy. If we take words as chunks in
verbal WM, and phonemes or syllables as their features, it
is clear that both the number of chunks and the number of
features (i.e., word length) matter, and which matters more
depends on the kind of memory test (Chen & Cowan,
2005). Moreover, there is evidence that bindings between
phonemes as features of nonwords are quite fragile in verbal
WM (Jefferies, Frankish, & Lambon Ralph, 2006; Oberauer
& Lange, 2009). Therefore, it is too early to announce tight
unification of content features and their contexts as
the general principle of representations in both visual and

© 2009 Hogrefe Publishing



S. Bialkova & K. Oberauer: Access to WM Contents 389

verbal WM. However, the outcomes from this study open
new avenues for exploring the unity of representation in
WM and future research might systematically investigate
under which circumstances which pieces of information
are tightly bound together in WM, such that pulling one
of them into the focus of attention automatically brings
along the other.
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