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Performance in immediate serial recall of verbal lists—often referred to as simple span task—is improved by
longer free time between presentation of successive items. Performance in complex span tasks, in which
presentation of items is interleaved by work on a distractor task, is improved by reducing the cognitive load
imposed by the distractor task. The cognitive load decreases as the proportion of free time between
successive items is increased. The present experiments compare the bene�cial effects of free time in simple
and complex span tasks. Increasing free time between items improved memory in both task versions by the
same time-accuracy function; the detrimental effect of processing distracting information in complex span is
unrelated to that effect. Therefore, the effect of cognitive load in complex span can be explained by the
combination of bene�cial effects of free time and detrimental effects of distractor interference. An analysis
of the free-time bene�t by serial position reveals differences between simple and complex spans that suggest
that free time additionally bene�ts complex but not simple spans through strengthening episodic memory.
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Simple and complex span tasks have been important workhorses
for research on working memory (WM). In simple span tasks,
participants are asked to recall a list of items in their presentation
order immediately after presentation. In complex span tasks, pre-
sentation of individual items is interleaved by a short period of work
on a distractor task. For instance, participants might be asked to
remember a list of six words in order, and in between encoding
each word and the next, they have to verify an arithmetic equation
(Turner & Engle, 1989).

Performance in both tasks improves when participants are given
more free time—time without a secondary task demand—between
encoding of successive items. For simple span tasks, this has been
known for several decades, though it was initially thought to hold
only for visually presented verbal stimuli (Penney, 1975). Recent
work con�rmed that free time is bene�cial for immediate verbal
serial recall regardless of presentation modality (Oberauer, 2022).
The free-time bene�t has also been described for sequentially
presented visual stimuli (Ricker & Hardman, 2017). In complex
span tasks, free time is also bene�cial for memory. This has come to
light through the investigation of cognitive load (Barrouillet et al.,
2004, 2007). Cognitive load in complex span is de�ned as the
proportion of time between successive items during which a person’s
central attention—a limited processing resource for response selection
and memory retrieval (Pashler, 1994; Tombu & Jolicoeur, 2003)—is

engaged by the distractor task. When the distractor task can be broken
down into several short operations (e.g., reading aloud a word, or
indicating with a key press whether a digit is odd or even), cognitive
load (CL) can be expressed by the formula,

CL =
na
T

, (1)

with n for the number of distractor operations, a the duration for
which each distractor operation engages central attention, and T the
total time available for all distractor operations (Barrouillet et al.,
2007). CL can be varied in three ways (Figure 1). The �rst is to
increase the free time between individual distractor operations,
thereby increasing the interitem interval. The second is to reduce the
number of distractor operations while holding the interitem interval
constant. The third is to reduce the time for which each distractor
operation engages central attention. In all three scenarios, lower CL
entails more free time in between distractor operations; in the �rst
scenario, this is the only variable that is varied. Reducing CL in
complex span tasks consistently improves memory performance;
Barrouillet et al. (2011) went so far as to declare it a law of memory.

With the present work, I address the question whether the free-
time bene�t in simple span and the free-time bene�t in complex span
are manifestations of the same phenomenon. If that is so, then the
effect applies equally to span tasks with and without distractors,
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and hence, has nothing to do with the load imposed by the distractor
task. The general approach is to parametrically vary the free time in
simple and complex span tasks by the same amount. If performance
in both tasks changes with free time by the same time-accuracy
function—the function relating accuracy to free time—then it is
more parsimonious to apply the same explanation to these effects
in simple and complex spans, than to invoke separate explanations.
In Experiment 1, I manipulated CL—and with it, free time—in
complex span by varying the number of distractor operations de-
manded within the same interitem interval (i.e., the second method
of varying CL in Figure 1). In Experiments 2–4, I added free time
while holding the number of distractor operations constant (i.e., the
�rst method in Figure 1).

General Method

Initial sample sizes were chosen based on sample sizes from
previous studies demonstrating the free-time bene�t in simple spans
or the CL effect in complex spans, plus an increment of about 50%
to compensate for the expected higher level of measurement noise
when testing participants online. I planned to add further partici-
pants in case the data pattern was not clear, but that turned out not to
be necessary. Participants signed an informed consent form prior to
the study, and they were debriefed at the end. The study protocol is
in agreement with the guidelines of the Institutional Ethics Review
Board. The raw data of all experiments reported in this article, as
well as the preprocessing and analysis scripts, are available on the
Open Science Framework: https://osf.io/5w8ja/.

I will not report statistical tests in this article. The reason is that the
primary hypothesis, that simple and complex spans are character-
ized by the same time-accuracy function, cannot be tested by a
simple statistical model. It is possible to construct a test based on
descriptive models of time-accuracy functions (Oberauer & Kliegl,
2001) but they would add a layer of technical complexity to the
report that I found unnecessary in light of the fact that the data
patterns are suf�ciently clear. Moreover, my proposition is not that
the time-accuracy functions of simple and complex spans are sta-
tistically indistinguishable, but rather that they are similar enough to
warrant a common explanation. Whether that is the case is a matter

of scienti�c judgment that cannot be delegated to a statistical test.
Readers interested in whether any two conditions differ signi�cantly
from each other can obtain that information from the 95% con�-
dence intervals in the �gures using the rule of Cumming and Finch
(2005): Condition means differ signi�cantly when their error bars
overlap by less than 50%.

Experiment 1

Participants were asked to remember lists of seven letters. In the
complex span task, they made between one and seven simple de-
cisions after presentation of each letter. The total time for these
decisions was held constant at 4.8 s. The decision task (from
Vergauwe et al., 2010) involved deciding whether a horizontal bar
�ts into the gap between two squares displayed above or below
the bar.

To equate free time between simple and complex spans, we need
to estimate how much of the interitem interval in the complex span
task is needed for completing the distractor task; the remainder is
free time.1 To obtain estimates for the processing duration of the
spatial-�t distractor task, I used data from a preliminary experiment,
described in a document on Open Science Framework. In that
experiment, participants �rst did 100 trials of the spatial-�t task
without a concurrent memory demand, organized into miniblocks of
four trials. Between each miniblock and the next a letter was
presented for 500 ms to emulate the event sequence in a complex
span task; participants were instructed to ignore the letter. In the
second phase of the experiment, participants did simple and
complex span tasks with lists of six or seven letters. In the complex
span task, participants made four spatial judgments after each letter,
this time at a �xed pace as is common when CL is manipulated:
Participants had to respond to each spatial-�t stimulus before the
next stimulus appeared. They had 1.21 s for their �rst judgment, and
1.11 s for the three subsequent ones (these times were based on
response times in the spatial-�t task in a previous study, Oberauer &
Lewandowsky, 2014).

Response times for the spatial-�t judgments from the �rst phase
(self-paced and without memory demand) were longer for the �rst
judgment in a miniblock than for subsequent ones, which did not
differ from each other (as has been observed before, Oberauer &
Lewandowsky, 2014). Response times (RTs) for both �rst and
subsequent judgments declined rapidly with practice; that decline
was well described by a power function. Extrapolating the best
�tting power function to the spatial-judgment RTs from the second
phase (during complex span) resulted in predicted mean RTs of 0.82
and 0.74 s for �rst and subsequent spatial judgments, respectively.
The observed RTs for spatial-�t judgments during the second phase
were .83 and .66 s, respectively. Hence, the time pressure during the
complex span task made participants speed up somewhat (at the
expense of accuracy) though not much in comparison to the self-
paced RTs from the �rst phase. I therefore used the mean RTs from
the second phase as estimates for the average time needed to do a
spatial-�t judgment. From these, I estimated the mean time needed
to complete n (n = 1–7) spatial judgments as 0.83 + (n � 1) × 0.66 s.

Th
is

do
cu

m
en

ti
s

co
py

rig
ht

ed
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
lA

ss
oc

ia
tio

n
or

on
e

of
its

al
lie

d
pu

bl
is

he
rs

.
Th

is
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

tt
o

be
di

ss
em

in
at

ed
br

oa
dl

y.

Figure 1
Three Ways of Reducing Cognitive Load in Complex Span

M D D D M High CL 

M D D D M Low CL (1) 

M D D M Low CL (2) 

M D D D M Low CL (3) 

Note. Cognitive load (CL) is the ratio of time occupied by distractor
processing (the length of the boxes labeled D) to the total time between one
memory item (the box labeled M) and the next. Relative to a time schedule
with high CL (�rst row), CL can be reduced by increasing the free time
following each distractor (second row), by reducing the number of distractors
(third row), or by shortening the duration of each distractor operation
(last row).

1 Although theoretically the variable a in the CL equation is de�ned by the
time for which each distractor operation engages central attention, which is
only part of the response time (Pashler, 1994), in practice it is usually
estimated through RTs in the distractor task (Barrouillet et al., 2007).
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Subtracting that time from the total interitem interval of 4.8 s yields
estimates of the average free time that is left in each interitem
interval for each level of n: 3.97, 3.31, 2.65, 1.99, 1.33, 0.67, and
0.01 s for n = 1–7. To give participants the same amount of free time
in the simple span task, I varied the interitem interval in simple span
over these values.

Method

Participants

I recruited 58 participants between 18 and 35 years of age and
�uent in English from Proli�c, excluding those who took part in the
preliminary experiment. Of those, 18 did not meet the inclusion
criteria, resulting in N = 40 usable datasets. Participants were
excluded when their performance in either simple or complex span
in one of three free-time conditions (3.97, 2.65, 1.33 s) was below
10% correct; when their accuracy in the spatial judgment task in the
�rst phase was below 70% correct; or when they had more than 50%
time-out errors on the spatial judgment task during the complex
span task.

Materials and Procedure

For each simple or complex span trial, seven list items were drawn
at random without replacement from the consonants of the English
alphabet. For the spatial-�t judgments, participants were shown a
horizontal bar together with two squares above or below the bar.
They had to judge whether the bar �t into the gap between the
squares (see Figure 2 for an example and layout speci�cations).

The experiment had a pretest and a main phase. In the pretest
phase participants did 100 spatial-�t tasks without a concurrent
memory demand. These spatial judgments were self-paced: Each
stimulus was presented until the person gave a response, pressing
the left arrow key if the bar �t into the gap and the right arrow key if
it did not �t; 100 ms later the next stimulus was presented. The
sequence of events in this phase was similar to that in a complex
span trial: After every four spatial-�t judgments, a randomly
selected consonant was presented for 0.5 s, which participants
were instructed to ignore. After the consonant disappeared, it was
immediately replaced by the next spatial-�t stimulus. This continued
until 100 spatial-�t judgments were made (i.e., 25 miniblocks of four

�t judgments, separated by a consonant). The main phase consisted
of one block of 14 simple span trials and one block of 14 complex
span trials, counterbalanced in order across participants. Within
each block, there were two trials for each free-time level, in a
random order. These test blocks were preceded by four practice
trials (two simple span followed by two complex span, each with
free times of 2.65 s, then 1.33 s).

Each trial started with a message in the screen center: “Trial x,”
where x was the trial number in the block (counting from 1 to 14 and
beginning again at 1 for the next block), presented for 1 s. This was
replaced by a central �xation cross for 1 s, then the presentation of
the �rst letter. The seven letters of each memory list were presented
for 0.5 s each. In the simple span task, this was followed by a blank
screen for the duration of the trial’s free-time condition. In the
complex span task, this was followed by an interval of 4.8 s for the
spatial-�t judgments. Table 1 shows the onset times for the spatial-�t
stimuli for the seven levels of free time; time = 0 is the offset of the
preceding letter.

After the �nal letter (simple span) or the �nal spatial judgment
(complex span), the instruction “Now please type the letters in the
correct order” was displayed, and participants were to type the letters
in their correct order. Every letter they typed was printed in the
center of the screen, and remained visible until they typed the next
letter, which replaced it. They always had to type seven letters. After
the last letter was typed, the next trial started.

Results

Figure 3 shows the mean RTs in the spatial-�t task for the pretest
and the main phase as a function of successive epochs of the
experiment.2 For the pretest, each epoch represents 10 successive
trials; for the main phase, each complex span trial de�nes one epoch.
The red and blue lines show �ts of power functions to the pretest
data of the �rst RT in each series (directly after the display of a letter)
and the subsequent RTs, respectively. In the right panel, these lines
show the extrapolations of the best �tting power functions for the
spatial-�t judgments during the complex span trials of the main
phase.

These data show two things: First, after 100 trials of practice, RTs
reached a largely stable level. This is important to ensure that the
time demand for the distractor operations during complex span does
not drift over trials. Second, the �rst spatial-�t judgment in a series
took longer than subsequent judgments, and this difference is
increased when these judgments are made during complex span
trials. In particular, RTs on subsequent spatial-�t judgments were
much faster than predicted by extrapolating the power functions
from the pretest.

Figure 4 sheds some light on why: With shorter free time, mean
RTs decreased substantially below the prediction from the pretest,
accompanied by a decrease in accuracy. The latter was mostly due to
an increase in time-out errors at shorter free times, though there was
also a slight increase in incorrect responses. These results show that
participants responded to the time pressure in the shorter free-time
conditions by sacri�cing accuracy for speed, albeit only to a small
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Figure 2
Design of Stimuli for the Spatial-Fit Task

+/- 10 pixels 

1/15 of screen height

1/15 … 1/30 of screen width

10 pixels

6 pixels

2 To remove outliers, I excluded RTs<200 ms as well as the 1% longest
RTs of the entire distribution. I did not remove RTs from erroneous responses
because the times of both correct and incorrect responses are likely to re�ect
the duration for which the judgment task engages central attention.

TIME IN SIMPLE AND COMPLEX SPAN 3



degree. In addition, a substantial portion of the tail of the RT
distribution was cut off by the deadline, resulting in time-out errors. I
set the RTs for time-out trials to the maximally available response
time (i.e., the interval between one spatial-�t stimulus and the next),
because that is the time for which distractor processing engaged
attention in those trials. These RTs are measured as faster than they

would be if they had not been cut short. Consequently, the measured
RTs are shorter than the predictions from the pretest.

This calls the estimates of free time for the complex span task into
question, which was based on the assumption that spatial judgments
engage attention for the same amount of time in each free-time
condition. We can obtain new estimates of free time by subtracting
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Table 1
Onset Times of the Spatial-Fit Stimuli in the Complex Span Condition of Experiment 1

Number of judgments Onset 1 Onset 2 Onset 3 Onset 4 Onset 5 Onset 6 Onset 7

n = 1 0
n = 2 0 2.48
n = 3 0 1.71 3.26
n = 4 0 1.33 2.48 3.64
n = 5 0 1.10 2.02 2.95 3.87
n = 6 0 0.94 1.71 2.49 3.26 4.03
n = 7 0 0.83 1.49 2.15 2.82 3.48 4.14

Note. Times are given in seconds; 0 is the time of offset of the preceding memory item.

Figure 3
Mean Response Times to Spatial-Fit Judgments in the Pretest and During the Complex Span Task in Experiment 1

Note. Red and blue lines show �ts of power functions to the RTs of �rst and subsequent judgments in a series, respectively. Error bars are 95%
con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). RT = response time; Pred = prediction; CS = complex span.
See the online article for the color version of this �gure.
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Figure 4
Mean Response Times, Accuracies, and Error Types of Spatial-Fit Judgments in Experiment 1 by Nominal Free Time

Note. Error bars are 95% con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). The red and blue broken lines are
the RTs predicted from the pretest through the best �tting power function (top left), and the mean accuracy achieved in the pretest (top right). The
bottom panels show the proportion of all responses that are time-out errors (left) and erroneous responses (right). RT = response time; Pred =
prediction; P = probability. See the online article for the color version of this �gure.
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the sum of the observed RTs in each series from the interitem
interval. Figure 5 shows how this measured free time is related to the
nominal free time estimated from the preliminary experiment, which
is the actual free time participants were given in the simple span
tasks. At the two shortest free-time levels, actual free time was
longer than nominal free time because average RTs were shorter
than predicted.

Proceeding with the new free-time estimates for complex span,
the left panel of Figure 6 shows the time-accuracy functions for
memory performance in the two span tasks. These functions show
an increase of accuracy over time with a similar slope, though
accuracy was slightly lower for complex span than simple span at
equal free time. This difference in intercept is to be expected if we
assume that representations engaged for the spatial-�t judgments
interfere with the representations of the memory items. The right
panel shows accuracy as a function of estimated CL. As the simple
span task involves no distractor processing, the CL computed from
the formula of Barrouillet and colleagues is always 0. For the present
purpose, I extended the CL formula to include the time for encoding
each item:

CL =
na + ai

T + Ti
=

na + ai

Tf + na + Ti
: (2)

Here, n is the number of distractor operations (i.e., spatial
judgments), a is the estimated time for which each distractor
operation engages central attention, ai is the time during which
encoding of an item engages central attention, T is the available time
for distractor processing between one item and the next, Ti is the
available time for encoding an item, and Tf is the free time. To
estimate CL for each free-time condition, I used the mean RTs for
spatial judgments in that free-time condition during the complex

span trials as a, and the interitem interval (4.8 s for complex span,
and the nominal free time for simple span) as T. For Ti, I used the
item presentation time (0.5 s), and I also used 0.5 s as the estimate for
ai because encoding and short-term consolidation of a letter into
WM has been estimated to take, on average, half a second (Jolicoeur &
Dell’Acqua, 1998). The resulting CL values were used for plotting
accuracy as a function of CL in Figure 6. The plot shows the usual
approximately linear decline of accuracy with CL for complex span.
Accuracy for simple span declined with CL following the same
linear function.

Why do the CL functions for simple and complex spans align
although the time-accuracy function for complex span was shifted
down relative to simple span? The reason is that, for the same level
of free time, the CL of complex span is always larger than that of
simple span. This is easy to see in the second expression of the
extended CL formula above: For simple span, n = 0 so that the na
term drops out in both the numerator and the denominator. Because
the denominator is always larger than the numerator, taking out na
reduces the numerator by a larger proportion than the denominator,
resulting in a lower CL for simple than for complex span at a given
level of Tf. In this way, the CL function for simple span is shifted to
the left relative to that of complex span. In the present experiment,
this shift happened to bring the two CL functions into alignment.

Discussion

Performance in both simple and complex spans increased with
longer free time, and their time-accuracy functions had similar
shapes, though at different levels. This result is consistent with the
assumption that the free-time effects in both tasks are caused by the
same mechanism, and in addition, complex span suffers interference
from the secondary processing task.

One limitation of the present experiment is that the time parti-
cipants took for the spatial-�t judgments during complex span
varied substantially with the available time. This led to measured
free times that substantially exceeded the intended free times for the
shortest free-time levels, reducing the range of free-time values at
the lower end for complex span. A close look at the time-accuracy
function for complex span shows that accuracy increased rapidly
over the �rst three free-time levels, although the measured free times
hardly differed between these levels. This observation raises the
possibility that the measured free time at the lowest levels is an
overestimate, and the actual usable free time was closer to the
nominal free time.

An alternative way to estimate free time in the complex span task
that circumvents these problems would be to use the spatial-�t
judgment times from the pretest to estimate the duration for which
these judgments engaged attention. I did this in two ways; once by
using the average RTs from the pretest, and once by using the
estimated lower asymptote of the power function �tted to the pretest
RTs. In both cases, the estimated free time for the lowest nominal
level of free time (i.e., the highest level of CL) became negative.
This is because carrying out seven spatial-�t judgments at the speed
at which participants made judgments during the pretest takes longer
than the 4.8 s of time available for the distractor task between items.
It follows that the RTs from the pretest cannot be used as accurate
estimates of how long the distractor task engages central attention
during complex span.
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Figure 5
Nominal and Measured Free Times in Experiment 1 for Simple and
Complex Spans

Note. See the online article for the color version of this �gure.
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The upshot of these observations is that the most common method
for experimentally increasing CL—by squeezing more or longer
processing operations into the same interval of available time—is
not suited for obtaining a quantitative estimate of CL, because
participants react to the increased time pressure by adjusting their
speed-accuracy trade-off. In the next two experiments, I therefore
used a different method that allowed a better separation of the
duration of attentional engagement by the distractor task and the
free time.

Experiment 2

With this experiment I again compared simple and complex span
tasks, using the same materials as in Experiment 1. The main change
lies in the manipulation of free time, and with it, CL. In the complex
span task of Experiment 2, participants always completed two
spatial-�t judgments after encoding each letter. These judgments are
made self-paced, without free time between them. The second
judgment is followed by the variable free time. In this way, the free-
time manipulation is not confounded with the amount of time
pressure for the distractor processing task, and hence, is unlikely to
covary with the person’s speed-accuracy trade-off.

Method

Participants

I recruited 63 participants from the same pool on Proli�c as
Experiment 1, excluding those that took part in Experiment 1. Of
these, 14 did not meet the inclusion criteria, leaving N = 49 for
analysis. Criteria for exclusion were the same as for Experiment 1,
except that time-out errors played no role because they could
not occur.

Materials and Procedure

The materials for the memory task and the distractor task were the
same as in Experiment 1. The procedure was also the same, with two
exceptions pertaining to the complex span task and the pretest with
spatial-�t judgments. In the complex span task, presentation of each
letter for 0.5 s was followed by two spatial-�t judgments. The spatial
stimulus for each judgment was presented until the participant
responded. After the �rst response, the second spatial stimulus
followed immediately. After the second response, the free-time
interval (one of the seven intervals from Table 1) was inserted. The
pretest was adapted to the sequence of events in the complex span
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Figure 6
Memory Accuracy in Experiment 1

Note. Accuracy is shown as a function of measured free time (left) and of cognitive load calculated based on measured free time (right), for
simple span (SS) and complex span (CS). Error bars are 95% con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996).
P = probability. See the online article for the color version of this �gure.
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task: Spatial-�t judgments were presented in pairs, interspersed with
the presentation of a letter for 0.5 s that participants were asked to
ignore. The pretest consisted of 50 such pairs, for a total of 100 trials.

Results

Figure 7 shows mean RTs for spatial-�t judgments in the pretest
(left panel) and during the complex span tasks (right panel). The
results from the pretest replicate the ones from Experiment 1:
Participants gained speed from practicing the task, reaching a fairly
stable performance level after the 100 trials; this practice effect was
described well by a power function. The �rst trial in a pair again took
longer than the second one. The RTs during complex span were well
predicted by extrapolating the power function from the pretest for
the second judgment following each letter. The �rst judgment,
however, took much longer than expected based on the pretest.
Figure 8 shows the spatial-�t RTs and accuracies during complex
span as a function of the free time. The new method of varying free
time was successful in deconfounding the speed-accuracy trade-off

from free time: RT was independent of the free-time level, and
accuracy was high throughout.

Accuracy in the memory task is shown in Figure 9. The left panel
presents the time-accuracy functions for simple and complex spans,
which align fairly well with each other, with the exception of the
shortest free-time level, at which complex span performance was
better than simple span performance. An obvious explanation for
that observation is that part of the prolonged RT to the �rst spatial-�t
judgments in complex span re�ects free time that participants took to
strengthen the memory traces before responding to the �rst spatial-
�t stimulus. This additional free time, which is not included in the
free-time variable on the x-axis of the �gure, is available only in the
complex span task, not the simple span task. Taking that additional
free time into account would shift the complex span time-accuracy
function to the right by the amount of free time that we assume is
included in the �rst spatial-�t RT. The right panel plots accuracy as a
function of CL, estimated in the same way as in Experiment 1. The
proportion of correct responses in both simple and complex spans
declined approximately linearly with increasing CL. Complex span
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Figure 7
Mean Response Times to Spatial-Fit Judgments in the Pretest and During the Complex Span Task in Experiment 2

Note. Red and blue lines show �ts of power functions to the RTs of �rst and subsequent judgments in a series, respectively. Error bars are 95%
con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). RT = response time; Pred = prediction; CSpan = complex
span. See the online article for the color version of this �gure.
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performance was better than simple span performance at the same
level of CL. The reason for that is the same as explained in the context
of Experiment 1: At the same level of free time, CL is lower for simple
than complex span, effectively shifting the simple span CL function to
the left. Because performance in simple and complex spans was
comparable at matching free-time levels, this leftward shift causes the
complex span CL function to lie above that of simple span.

Figure 10 shows memory accuracy as a function of serial position
and free time. This perspective on the data reveals a difference in
how free time affects memory. In simple span, the bene�cial effect
of free time was absent for the �rst list position, and increased for
subsequent list positions, resulting in a fanning out of the serial-
position curves. This interaction has already been observed in other
experiments varying free time in simple span tasks (Oberauer,
2022). By contrast, in complex span, the free-time bene�t was
largely additive with serial position.

Discussion

With the new method of varying free time and CL, these variables
could be separated from the degree of time pressure for the distractor
operations in complex span. Participants did the distractor task with

the same speed-accuracy trade-off setting across all free-time levels,
and the time they took for the distractor task did not compromise the
variation of free time. Still, there remains one source of uncertainty
for the estimation of free time and CL in the complex span task: It is
not clear whether the substantially in�ated RTs for the �rst spatial
judgments after encoding each letter re�ect a time during which
central attention is engaged with preparing for the spatial-�t
judgment—for instance by loading the task set for these judgments
into WM—or whether it re�ects time that participants took to
strengthen their representations of the memory set. In the latter case,
the free time available for improving memory would be under-
estimated in complex span.

We can assess the implications of the latter scenario by using the
RTs from the pretest to estimate how long each spatial-�t judgment
actually engaged central attention. The difference between pretest
RTs and RTs measured during complex span are then added to the
nominal free time to obtain an estimate of the actual free time
available for improving memory. The time-accuracy function and
CL function based on these alternative free-time estimates are
shown in Figure 11. The difference to Figure 9 is rather subtle. The
main change is that in Figure 11, the time-accuracy functions of
simple and complex spans are in better alignment with each other.
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Figure 8
Mean Response Times and Accuracies of Spatial-Fit Judgments in Experiment 2 by Experimentally Varied Free Time

Note. Error bars are 95% con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). The red and blue broken lines
are the RTs predicted from the pretest through the best �tting power function (left), and the mean accuracy achieved in the pretest (right).
RT = response time; Pred = prediction; P = probability. See the online article for the color version of this �gure.
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On the aggregate level, the present results show again that simple
and complex spans bene�t from longer free time in approximately
the same way, as re�ected in their very similar time-accuracy
functions, and their parallel CL functions. On a �ner level of res-
olution, free time interacted differently with serial position for
simple and complex span tasks. This is a hint that free time has at
least in part different effects on memory in simple and complex span
tasks. I will return to this issue in the General Discussion.

In this experiment, the processing of spatial distractor stimuli had
no measurable impact on memory for the serial order of letters. At
comparable levels of free time there was no difference in accuracy
between simple and complex span tasks. As a consequence, when
memory accuracy is plotted as a function of CL, performance in
complex span was above that of simple span at the same CL level.
This observation implies that carrying out the distractor task had no
detrimental effect on memory performance. This �nding is prob-
lematic for theories in which maintenance and processing are
assumed to compete for a common resource (Cowan, 2005; Just &
Carpenter, 1992; Vergauwe et al., 2022), and for theories in which
memory representations are assumed to decay, and processing of

distractors competes with maintenance processes (Barrouillet et al.,
2007). Both families of theories imply that distractor processing
during the retention interval should impair memory to the extent that
the distractor task engages a resource-demanding form of attention.
The �nding of no impairment of memory by concurrent processing
is in agreement with the multicomponent model of WM (Baddeley,
1986) on the assumption that the verbal memory representations can
be maintained in the phonological loop, whereas the spatial pro-
cessing task can be handled by the visual–spatial sketch pad.
Proponents of the multicomponent model would have to assume that
neither task component of the complex span task puts a substantial
burden on executive control processes. This �nding is also in line
with interference theories of WM, and speci�cally, with the SOB-
CS model of simple and complex span (Oberauer et al., 2012).
According to the SOB-CS model, processing distractors impairs
memory performance to the extent that the representations engaged
for distractor processing interfere with representations of the
memoranda. As the distractor task was a spatial task whereas the
memory material was verbal, the interference between these re-
presentations can be assumed to be rather benign. However, it is not
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Figure 9
Memory Accuracy in Experiment 2

Note. Accuracy is shown as a function of experimentally varied free time (left) and of cognitive load calculated on the basis of experimentally
varied free time (right), for simple span (SSpan) and complex span (CSpan). Error bars are 95% con�dence intervals for within-subject
comparisons (Bakeman & McArthur, 1996). P = probability. See the online article for the color version of this �gure.
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expected to be zero, because doing the spatial-�t task involves not
only representations of the spatial stimuli but also of the task rules
(i.e., the task set), which could interfere with verbal memoranda.
One reason why we do not see that interference here is that par-
ticipants had ample practice with the spatial-�t task before starting
the complex span trials. Whereas at the beginning of practice, task
sets have verbal components (e.g., verbal representations of the task
instructions), after some practice these verbal components drop out
(van’tWout & Jarrold, 2022). Therefore, the pretest could have
minimized the degree of representational overlap between the two
components of the complex span task, largely eliminating inter-
ference between them.

Experiment 3

In Experiment 3, I used the same approach to varying free time as
in Experiment 2 and replaced the spatial-distractor task with a verbal
one. I expect the verbal distractor task to interfere more strongly than
the spatial-�t task with the verbal memoranda, thereby making
complex span performance worse than simple span performance at
the same level of free time. If the bene�cial effect of free time on
memory has the same cause in simple and complex spans, it should

be additive with the interfering effect of distractor processing. By
contrast, if free time has a special role in complex span for mitigating
the effect of distractor processing—such as reversing decay through
refreshing, or removing distractor representations from WM—then
introducing a distractor task that disrupts memory more strongly
than in the preceding experiments should make the mitigating effect
of free time stronger, thereby leading to a stronger effect of free time
in complex than in simple span.

Method

Participants

I recruited 60 participants from the same pool on Proli�c as
Experiments 1 and 2, excluding those that took part in one of the
preceding experiments. Sixteen participants did not meet the
inclusion criteria, leaving N = 44 for analysis. The inclusion criteria
were the same as for Experiment 2.

Materials and Procedure

The materials for constructing the memory lists were the same as
in the preceding experiments. The spatial-�t judgment task was
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Figure 10
Serial-Position Curves in Experiment 2

Note. Experimentally varied free time is represented by separate lines. Error bars are 95% con�dence intervals for within-subject comparisons
(Bakeman & McArthur, 1996). P = probability. See the online article for the color version of this �gure.
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replaced by a letter-rhyme judgment task (Jarrold et al., 2010).
Participants saw two uppercase letters side by side. The letters could
be any two letters from the alphabet. Participants’ task was to judge
whether the letters rhymed with each other or not. If they rhymed,
they should press the left arrow key; if they did not, they should
press the right arrow key. To minimize confusion between the letters
for the rhyme judgment task and the letters to be remembered (in
complex span) or to be ignored (in the pretest), the letter pairs for the
rhyme judgments were printed in red, whereas the individual letters
to be remembered or to be ignored were printed in black.

The pretest consisted of 50 pairs of letter judgments, interleaved
with presentation of a single to-be-ignored letter. Simple span and
complex span were run as in Experiment 2, except that in complex
span, the spatial-�t judgments were replaced by letter-rhyme
judgments.

Results

Figure 12 shows the mean RTs to the letter-rhyme task in the
pretest and during complex span. These results mirror the ones from

the previous experiment. The practice effect during the pretest was
well described by a power function separately for the initial and the
subsequent judgment in each pair. During complex span, the RTs for
the initial judgment following right after encoding a new letter were
much slower than predicted from the pretest. By contrast, the
subsequent judgment was even a bit faster than predicted from the
pretest.

Figure 13 shows letter-rhyme judgment RTs and accuracies
during complex span as a function of free time. There was no
discernible effect of the free-time manipulation on the speed and
accuracy with which participants did the distractor task. As in
Experiment 2, adding a variable amount of free time after self-paced
distractor processing avoids the confound between free time and the
speed-accuracy trade-off of distractor processing.

Turning to memory performance, the left panel of Figure 14
shows the time-accuracy functions for simple and complex spans.
As predicted, complex span performance was lower than simple
span performance at the same free-time level. The detrimental effect
of distractor processing on memory was not additive with free time
because distractor processing did not appear to impair memory at the
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Figure 11
Memory Accuracy in Experiment 2 With Alternative Free-Time Estimate

Note. Accuracy is shown as a function of free time estimated from the experimentally given free time, plus the hypothetical free time taken by
delaying the �rst spatial-�t response relative to the lower asymptote of the power function �t to the pretest data (left). Memory accuracy as a
function of cognitive load calculated from the free time as estimated for the left panel (right), for simple span (SSpan) and complex span (CSpan).
Error bars are 95% con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). P = probability. See the online article for
the color version of this �gure.
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shortest free-time level. Another way to describe the interaction is
that shortening free time hurts complex span less than simple span.
This interaction could again re�ect the fact that in complex span,
participants delayed their response to the �rst letter-rhyme judgment
to gain additional free time that they could use to improve memory.
In this way, they could mitigate the scarcity of free time at the
shortest free-time level in a way that they could not in the simple
span task.

The right panel of Figure 14 shows performance as a function of
CL. Both simple- and complex-span accuracy declined approxi-
mately linearly with CL, with about the same slope. The CL
functions of the two task versions were closely aligned. This close
alignment arose from the fact that the detrimental impact of dis-
tractor processing on complex span in Experiment 3 approximately
compensated the upward shift of the CL function for complex span
that arises from the longer duration of attentional engagement in that

task. It is tempting to interpret this as showing that the longer
attentional engagement is responsible for the impaired performance
in complex span. However, we know from Experiment 2 that this is
not the case. Therefore, the fact that the CL functions of simple and
complex spans came to lie largely on top of each other in Experiment 3
is a mere coincidence.

The serial-position curves of simple and complex spans are
shown in Figure 15. For simple span, free time again interacted with
serial position, whereas that interaction was not observed for
complex span. Yet, it is less clear than in Experiment 2 that these are
qualitatively different patterns. If participants take some of the
response time to the letter-rhyme judgment as free time in the
complex span task, then the nominally shortest free time in complex
span would actually be substantially longer than in the same free-
time condition in simple span. Effectively, this would mean that a
serial-position curve for very short free times is missing in the
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Figure 12
Mean Response Times to Letter-Rhyme Judgments in the Pretest (Left) and During the Complex Span Task (Right) in
Experiment 3

Note. Red and blue lines show �ts of power functions to RTs of the �rst and subsequent judgments in a series, respectively. Error bars are 95%
con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). RT = response time; Pred = prediction; CSpan = complex
span. See the online article for the color version of this �gure.
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complex span data. If we took out the shortest free-time condition
from the simple span data, the remaining serial-position curves
would be largely additive with free time.

Discussion

Experiment 3 con�rmed the prediction that a distractor task using
letters as stimuli would cause substantial interference with remem-
bering the letter lists in serial order. This led to complex span per-
formance being poorer than simple span performance at comparable
levels of free time. The effects of processing-task interference and free
time were not additive as expected if they had independent causes.
Their interaction, however, was not the one predicted from the
assumption that free time is used to mitigate the detrimental effect of
distractor processing. If that were the case, then complex span per-
formance should bene�t more from longer free time than simple span
performance. The opposite was observed at relatively short free time.
One plausible explanation for this interaction is that the short free time
was underestimated in the complex span task because part of the
prolonged response time to the �rst letter-rhyme judgment was
additional free time that participants gained by delaying their response.

Figure 16 shows what the time-accuracy functions and the CL
functions would look like under an extreme version of that

explanation. For this plot, I assumed that the time needed for doing a
letter-rhyme judgment during complex span is the lower asymptote
of the power function �t to the pretest data (closely approximating
the predictions plotted as broken lines in Figure 13), and the entire
additional time participants took for the �rst letter judgments during
complex span is actually free time, which is added to the free time
given after each pair of letter-rhyme judgments. Even in this extreme
scenario, the time-accuracy function of complex span is, if anything,
a bit �atter than that for simple span. This leaves no room for the
assumption that free time is used for some process that mitigates
the impact of distractor processing in complex span. Any such
process—such as refreshing memory representations to reverse
their decay during distractor processing, or removing distractor
representations from WM—would cause a speci�c bene�cial effect
for complex span, so that longer free time should improve complex
span performance more than simple span performance.

The Effect of Memory Encoding and Maintenance
on Processing Time

One observation across all three experiments is that participants
took substantially longer to complete the �rst distractor task in a
series—immediately after encoding a new letter—during complex

Th
is

do
cu

m
en

ti
s

co
py

rig
ht

ed
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
lA

ss
oc

ia
tio

n
or

on
e

of
its

al
lie

d
pu

bl
is

he
rs

.
Th

is
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

tt
o

be
di

ss
em

in
at

ed
br

oa
dl

y.

Figure 13
Mean Response Times and Accuracies of Letter-Rhyme Judgments in Experiment 3 by Experimentally Varied Free Time

Note. Error bars are 95% con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). The red and blue broken lines are
the RTs predicted from the pretest through the best �tting power function (left), and the mean accuracy achieved in the pretest (right). RT =
response time; Pred = prediction; P = probability. See the online article for the color version of this �gure.
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span than predicted from the pretest data. The pretest used the same
sequence of events as the complex span task—presentation of a
letter, followed by a brief series of judgments—with the only
difference that in the pretest, the letter did not have to be encoded
into memory. The pretest already showed longer response times to
the �rst than to subsequent judgments in a series. This effect became
a bit larger during complex span in Experiment 1, and much larger in
Experiments 2 and 3, amounting to a full second. What caused this
substantial delay?

The literature on WM offers several possible explanations. One is
that participants deliberately delayed responding to the �rst dis-
tractor stimulus in a series to gain additional free time, because they
might be aware that longer free time is bene�cial for their ability to
remember the letters. This is a likely explanation for the substantial
increase of �rst response times in Experiments 2 and 3, where
distractor processing was self-paced. It does not explain the
(smaller) increase in Experiment 1, in which participants could not
gain any free time from deliberately delaying their responses. Doing
so would be counterproductive at the lower free-time levels, and yet,
the slowing of �rst relative to subsequent responses was approxi-
mately the same at all free-time levels of Experiment 1. It must

re�ect some process needed in the transition from encoding a
memory item to doing a distractor operation.

One such process could be short-term consolidation, a hypo-
thetical process following the initial encoding of a stimulus, which
establishes that stimulus robustly in WM (Jolicoeur & Dell’Acqua,
1998; Ricker et al., 2018). Short-term consolidation has often
been shown to monopolize central attention, thereby postponing
subsequent processes that also require central attention, such as
decisions (Jolicoeur & Dell’Acqua, 1998; Ricker & Hardman, 2017).
However, Jolicoeur and Dell’Acqua (1998) estimated the duration
of short-term consolidation of individual letters to be about 500 ms
on average, which matches the presentation time per letter in the
present experiments. It is conceivable that short-term consolidation
took somewhat longer in the present complex span tasks than in the
experiments of Jolicoeur and Dell’Acqua (1998), in which case it
could have contributed to the postponement of the �rst spatial
judgment, or letter judgment.

Another necessary process in the transition between item en-
coding and distractor processing could be task switching (Kiesel et
al., 2010). Switching from one task set to another costs several
100 ms, though the cost is usually more modest when the stimuli to
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Figure 14
Memory Accuracy in Experiment 3

Note. Accuracy is shown as a function of experimentally varied free time (left) and of cognitive load calculated on the basis of experimentally
varied free time (right), for simple span (SSpan) and complex span (CSpan). Error bars are 95% con�dence intervals for within-subject
comparisons (Bakeman & McArthur, 1996). P = probability. See the online article for the color version of this �gure.
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be processed unambiguously identify the task to be applied to them
(so-called univalent stimuli), as was the case in the present complex
span tasks (Rogers & Monsell, 1995). Therefore, task-set switching
could contribute only a small portion of the delay of the �rst dis-
tractor operation.

A further process required after encoding a new item is integrating
that item into the representation of the memory list. This could
involve the joint elaboration of several items, for instance by
forming a word that connects the consonants of the list in their
given order. It could also involve the construction of a speech plan
for repeating the list (Joseph & Morey, 2022).

Taken together, the full 1-s delay of the �rst processing operation
in a series is probably best explained by a combination of several
processes, including short-term consolidation of each letter, inte-
gration of that letter into the growing representation of the list, and
the subsequent shift of the task set from letter encoding to distractor
processing, together with some amount of deliberate slowing on the
side of the participants to gain some free time.

Several theories of WM include the assumption that main-
taining information competes with concurrent processing for a
shared resource. The more information needs to be maintained,

the less resource is still free to be devoted to the processing task
(Just & Carpenter, 1992). A related idea is that maintenance in
WM requires continuous refreshing of memory representation by
directing attention to them one by one (Vergauwe et al., 2014).
Both assumptions lead to the prediction that, as memory load (i.e.,
the number of independent items or chunks to be maintained)
increases, the processing of distractor stimuli should become
slower. In the complex span task, the memory load increases with
every additional item. Therefore, resource sharing between main-
tenance and processing should lead to a gradual slowing of pro-
cessing time across serial positions. Evidence for that prediction
has been observed in some studies with the complex span task
(Friedman & Miyake, 2004; Joseph & Morey, 2022; Maehara &
Saito, 2007), though some others have reported no difference
between processing times at the beginning and at the end of lists
(Liefooghe et al., 2008; Towse et al., 2000). Joseph and Morey
(2022) found that processing time was particularly high after en-
coding the �rst item, then dropped after the second item, and then
gradually increased. When some trials of the processing task
were to be carried out already before presentation of the �rst item,
the elevated times at the �rst serial position disappeared, and
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Figure 15
Serial-Position Curves in Experiment 3

Note. Experimentally varied free time is represented by separate lines. Error bars are 95% con�dence intervals for within-subject comparisons
(Bakeman & McArthur, 1996). P = probability. See the online article for the color version of this �gure.
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processing times increased monotonically across serial positions.
When the processing task continued for several trials after list
encoding �nished, processing times declined again. This led
Joseph and Morey (2022) to the conclusion that the effect of
memory load on processing time does not arise from competition
of maintenance and processing. Rather, it arises from some process
needed to integrate a new item into the representation of the
memory list, such as recon�guring the speech plan for repeating
the list. This integration process becomes more time demanding as
the list increases, but once the list is fully encoded, no further
integration is needed, and the competition ceases.

The present Experiments 2 and 3 offer a further opportunity to test
the hypothesis that processing time increases with memory load.
These two experiments are diagnostic because participants were free
to take the time they needed to complete the processing task at each
serial position. Figure 17 shows the relevant data. There was a drop
in processing time from the �rst to the second serial position,
con�rming the observation of Joseph and Morey (2022; also see
Morey et al., 2018). However, there was no systematic increase in

processing times from the second to the last serial position.
Therefore, the present data provide no evidence that the competition
between memory maintenance and processing increases with memory
load, as would be predicted from the assumption that maintenance and
processing share some limited resource.3

Experiment 4

With Experiment 4, I made an attempt to prevent participants
from delaying their response to the �rst distractor stimulus in a
series. In this way I aimed to obtain a more unambiguous estimate
of the duration for which the processing task needs to engage
central attention, and with that, a more unambiguous estimate of
the free time in complex span. I used again the spatial-�t judg-
ments from Experiments 1 and 2 as a distractor task, but this time
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Figure 16
Memory Accuracy in Experiment 3 With Alternative Free-Time Estimate

Note. Accuracy is shown as a function of free time estimated from the experimentally given free time, plus the hypothetical free time taken by
delaying the �rst spatial-�t response relative to the lower asymptote of the power function �t to the pretest data (left). Memory accuracy as a
function of cognitive load calculated from the free time as estimated for the left panel (right), for simple span (SSpan) and complex span (CSpan).
Error bars are 95% con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). P = probability. See the online article for
the color version of this �gure.

3 A Bayesian mixed-effects model with serial position (2–7) as linear
predictor of log(Mean RT) yielded evidence against the effect of serial
position; Bayes factor = 0.2 and 0.1 in Experiments 2 and 3, respectively.
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with a response deadline calibrated individually to each person’s
ability to do the task in the pretest. During complex span, par-
ticipants had to respond to each spatial-�t judgment within the
deadline. With the deadline, the processing time �nished—either
with a response or a time-out error—and free time was added after
it. In this way, the intended free time was doubly protected against

distortion through participant’s chosen timing for the processing
task. On the one hand, participants had very limited opportunity
to gain extra free time through delaying their spatial-�t judg-
ments. On the other hand, they could not take time from the
intended free-time period to prolong processing of the spatial-�t
stimuli.
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Figure 17
Mean Response Times to Distractor Tasks as a Function of Serial Position

Note. Data from Experiment 2 (top) and Experiment 3 (bottom). Error bars are 95% con�dence intervals for
within-subject comparisons (Bakeman & McArthur, 1996). RT = response time. See the online article for the
color version of this �gure.

18 OBERAUER



Method

Participants

Of the 65 participants initially recruited from Proli�c, 14 did not
meet the inclusion criteria, leaving N = 51 for analysis. The
inclusion criteria were the same as for Experiment 1.

Materials and Procedure

The materials were the same as for Experiments 1 and 2. The
pretest consisted of 12 blocks of 10 trials of the spatial-�t task. In
this pretest, no to-be-ignored letters were interspersed between the
spatial-�t trials. Within a block, each trial started 50 ms after
the response to the preceding trial; between blocks, participants
advanced at their own pace. Across the 12 blocks, the deadline for
the spatial-�t judgments was adapted for each participant. The
deadline was initially set to 3.0 s. After each block, performance was
evaluated and the deadline was adapted by one step on the following
scale: [3.0, 2.5, 2.2, 1.9, 1.7, 1.5, 1.3, 1.2, 1.0, 0.9, 0.8, 0.7].

If the person made 0 or 1 error in the preceding block, the deadline
was decreased by one step on the scale; if they made two or more
errors, the deadline was increased by one step. When the end of the
scale was reached, the deadline was not adapted further beyond the end
of the scale. The deadline reached after adaptation following the last
block was �xed as the person’s deadline during the complex span task.

During each trial of the spatial-�t task—both during pretest and
during complex span—the deadline was visualized by a gray bar at
the bottom of the screen, extending across nearly the entire screen,
which started un�lled—just a black frame—and began �lling up at a
constant rate once the trial started with the stimulus onset, so that the
bar was completely �lled when the deadline was reached.

After the pretest, participants did two blocks of span tasks, one
with simple and the other with complex span, in counterbalanced
order. Each block consisted of 14 trials, two for each free-time level,
in randomized order. In complex span, presentation of each letter
was followed immediately by the �rst spatial-�t stimulus, which was
presented until the person responded, or after the deadline was
reached, whichever came �rst. After that, the screen remained blank
for half of the free time of the trial’s condition, and then the second
spatial-�t stimulus was presented. After the second spatial judg-
ment, the other half of the free time was added before the next letter
was displayed. In this way, distractor processing was distributed
more evenly within the interitem interval, as in most experiments
manipulating the CL.

Results

The mean RT of spatial judgments is shown in Figure 18. The left
panel shows the pretest data with the best �tting power function,
here without the distinction between �rst and subsequent trials
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Figure 18
Mean Response Times to Spatial-Fit Judgments in the Pretest (Left) and During the Complex Span Task (Right) in Experiment 4

Note. The red line shows the �t of a power function to the pretest data (left), extrapolated to the complex span data (right). Error bars are 95%
con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). RT = response time; Pred = prediction; CSpan = complex
span. See the online article for the color version of this �gure.
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because no such distinction was made in the pretest. The right panel
shows the RTs from spatial-�t judgments in the complex span task
context. Mean RTs and accuracies of spatial-�t judgments during
complex span are presented in Figure 19 as a function of free time.
Participants learned to heed the response deadline very well: The
proportion of time-out errors in the complex span context was about
5% for the �rst, and 2% for the second spatial-�t judgment,
regardless of free-time level.

Together, these results show that the response deadline sub-
stantially curtailed the tendency of participants to prolong the �rst
judgment in a series within complex span, but did not entirely
eliminate it. RTs in the complex span context—in particular, the �rst
RT in each series—were still somewhat longer than predicted from
the pretest. Assuming that the deadline removed any incentive to
deliberately delay responding to the spatial-�t stimuli, the remaining
difference between the observed RT in the complex span context
and the prediction from the pretest re�ects the additional time for
processes such as short-term consolidation and task switching.

Figure 20 shows the time-accuracy functions and the CL func-
tions for simple and complex spans. The time-accuracy functions of
simple and complex spans are characterized by parallel curves. In

contrast to Experiment 2, here the processing of distractors had a
small detrimental effect on complex span performance; this effect
was additive to the effect of free time. The detrimental effect of
distractor processing is likely due to the time pressure imposed by
the deadline, as that is the main difference between Experiment 4
and Experiment 2. One plausible explanation is that in light of the
time pressure participants cut short the short-term consolidation of
the letters, sacri�cing some degree of memory accuracy. The CL
functions of simple and complex spans were again parallel.

The serial-position curves (Figure 21) con�rm the pattern from
the previous two experiments: The effects of free time and serial
position were essentially additive for complex span, but interacted
for simple span, with the free-time bene�t growing toward the end of
the list.

Discussion

The combination of an individually calibrated response deadline
with the addition of free time after the response (or the deadline) to
each distractor stimulus �nally achieved a level of control over free
time that leaves little room for ambiguity. There is no reason to
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Figure 19
Mean Response Times and Accuracies of Spatial-Fit Judgments in Experiment 4 by Experimentally Varied Free Time

Note. Error bars are 95% con�dence intervals for within-subject comparisons (Bakeman & McArthur, 1996). The red broken line is the RT
predicted from the pretest through the best �tting power function (left), and the mean accuracy achieved in the pretest (right). RT = response
time; P = probability. See the online article for the color version of this �gure.
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believe that the response times contained some hidden free time.
Conversely, as there were very few time-out errors, there is little
reason to worry that participants’ central attention continued to be
engaged by distractor processing after the deadline. Therefore, the
free time inserted between items according to the experimental
conditions is, to a good approximation, the free time that participants
had in both simple and complex span tasks.

With this tight level of control over free time, the time-accuracy
functions of simple and complex spans were essentially parallel. The
detrimental effect of distractor processing was additive with the
effect of free time, which implies that it cannot be compensated with
longer free time. Therefore, the effect of free time, and with it, CL, in
complex span cannot be due to hypothetical processes that mitigate
the impact of distractor processing, such as attention-based refreshing
of memory representations (Barrouillet et al., 2007), or removal of
representations involved in distractor processing (Oberauer et al.,
2012). A recent study using a complex span task with visual ma-
terials also found additive effects of interference from distractor
processing (manipulated through the similarity between memoranda

and distractor stimuli) and free time, and arrived at the same
conclusion (Lu et al., 2024).

The additive effect observed here is better compatible with the
view that processing of the �rst distractor following right after item
encoding, when carried out under time pressure, disrupts short-
term consolidation of the item (Bayliss et al., 2015). In support of
their proposition, Bayliss and colleagues found that a longer time
interval between item encoding and the �rst distractor operation in
a complex span task is bene�cial for memory, whereas adding the
same amount of free time after the �rst distractor operation did not
have the same effect. This is expected if longer time before the �rst
distractor operation enables more complete consolidation of the
just encoded item; consolidation cannot be completed after dis-
tractor processing. Contrary to that �nding, De Schrijver and
Barrouillet (2017) found that adding free time between item en-
coding and the �rst distractor operation, or after the �rst distractor
operation, have equivalent effects on memory, which could be
described by a common time-accuracy function and a common
CL function. The present �ndings are in better agreement with

Th
is

do
cu

m
en

ti
s

co
py

rig
ht

ed
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
lA

ss
oc

ia
tio

n
or

on
e

of
its

al
lie

d
pu

bl
is

he
rs

.
Th

is
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

tt
o

be
di

ss
em

in
at

ed
br

oa
dl

y.

Figure 20
Memory Accuracy in Experiment 4

Note. Accuracy is shown as a function of experimentally varied free time (left) and of cognitive load calculated on the basis of experimentally
varied free time (right), for simple span (SSpan) and complex span (CSpan). Error bars are 95% con�dence intervals for within-subject
comparisons (Bakeman & McArthur, 1996). P = probability. See the online article for the color version of this �gure.
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those of Bayliss et al. (2015): The detrimental effect of time
pressure for distractor processing cannot be compensated by free
time given after the distractor operations.

General Discussion

The main aim of the present series of experiments was to �nd out
whether the bene�cial effect of free time on memory performance in
simple and complex span tasks is best explained by a common
cause. The bene�cial effect of free time in complex span has usually
been described as the effect of CL, and therefore, we can rephrase
the question: Does the CL effect in complex span re�ect processes
speci�c to complex span, or is it a manifestation of a more general
effect of free time that applies to all variants of span tasks?

The results of the present experiments largely support the view
that free time bene�ts memory in simple and complex span tasks to
the same extent. This suggests a common explanation for the
bene�cial effects of free time. The effect of CL in complex span can
be understood as one manifestation of that effect. Three �ndings
speak for such a general explanation: First, with tight control over
processing time and free time, as best achieved in Experiment 4, the
time-accuracy functions of complex and simple span are parallel.

Second, in none of the present experiments was there a hint that
complex span performance bene�ts more than simple span per-
formance from longer free time, and hence, there is no need to
assume that processes speci�c to complex span are involved in
causing that bene�t. Third, when CL is estimated for simple
and complex spans, performance in both span versions declines
approximately linearly with CL, with essentially parallel slopes.
This shows that the CL function is simply another way of
describing the effect of free time; it does not re�ect anything
about the workload imposed by the distractor task.

That said, one reason to doubt an undifferentiated explanation of
the free-time bene�t for simple and complex spans is the �nding—
most clear in Experiment 2—that free time interacts with serial
position in simple span but not in complex span. This interaction is
best understood in light of considerations of what might cause the
free-time bene�t.

What Causes the Bene� t of Free Time for WM?

The interaction between free time and serial position observed here
for simple span, as well as in previous experiments (Oberauer, 2022),
is diagnostic for the possible cause of the free-time bene�t. Any
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Figure 21
Serial-Position Curves in Experiment 4

Note. Experimentally varied free time is represented by separate lines. Error bars are 95% con�dence intervals for within-subject comparisons
(Bakeman & McArthur, 1996). P = probability. See the online article for the color version of this �gure.
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