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ABSTRACT

Recent studies reported that central processing duration influences process-
ing order of two tasks in the psychological refractory period (PRP) paradigm.
This study examined whether the duration of response execution influences
the processing of task order. For this purpose, a tone discrimination task was
combined with a letter discrimination task. Both tasks were presented in ran-
dom order using different stimulus onset asynchronies (SOAs). In one con-
dition, participants responded to each stimulus with a single key press (easy
response condition). In the other condition, the tone task required a single
key press, whereas the letter task required a more time-consuming key press-
sequence (hard response condition). The results showed that participants
tend to perform the tone task first more often when the response requirement
for the letter task is hard, rather than easy. This result is consistent with the

notion that participants optimize response scheduling in dual-task situations.
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RESUMEN

Bajo el paradigma de periodo refractario psicolégico (PRP), recientes estudios
han hallado que la duracién del procesamiento central influye en el orden
en el que dos tareas son procesadas. En el presente trabajo se examin si la
duracién de la respuesta también influye en el orden en el que dos tareas se
ejecutan. Para este propésito, se utiliz una tarea de discriminacion auditiva
en combinacién con una tarea de discriminacién visual. En el experimento
se varié el orden de presentacion de las tareas de forma aleatoria asi como se
utilizaron diferentes intervalos entre estimulos (stimulus onset asynchrony;
SOA) En una condicién, los participantes respondieron a cada estimulo
pulsando una tecla (condicién de respuesta simple). En la otra condicién,
mientras que a la tarea auditiva se respondfa de nuevo pulsando una tecla,
la respuesta a la tarea visual requerfa pulsar una secuencia de teclas, aumen-
tando la duracién de la respuesta (condicién de respuesta compleja). Los
resultados mostraron que los participantes tienden a ejecutar mas a menudo
la tarea auditiva en primer lugar cuando la respuesta de la tarea visual es
m4s compleja. Este resultado apoya la nocién de que, en escenarios de doble
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tarea, los participantes pueden invertir sus respuestas si con

ello optimizan su ejecucion.

Palabras clave autores

Periodo refractario psicolégico, orden de procesamiento, duracién
de respuesta.

Palabras clave descriptores

Percepcién visual, discriminacién de tono, ciencia cognitiva.

Introduction

The psychological refractory period (PRP) para-
digm has often been employed to study cognitive
limitations involved in dual-task performance. In
a typical PRP experiment, two stimuli (S1 and S2)
are presented in rapid succession and each stimulus
requires a separate response (R1 and R2). The typ-
ical finding is that the reaction time (RT) of Task
2 (RT?2) increases when the temporal interval -the
stimulus onset asynchrony (SOA)- between S1 and
S2 is shortened. This increase of RT2 is commonly
referred to as the PRP effect reflecting dual-task
interference that arises when both tasks overlap in
time. By contrast, the reaction time of Task 1 (RT1)
does not usually vary with SOA.

The central bottleneck model (Pashler, 1984;
Pashler & Johnston, 1989) provides the standard
framework to explain this result pattern. The model
assumes that each of the two tasks requires three
successive processing stages: the perception of the
stimulus, the selection of the response, and the
execution of motor response. Crucially, the model
assumes that the response selection stage consti-
tutes a central bottleneck process. Consequently, if
Task 1 occupies the bottleneck, processing of Task
2 has to be postponed. Accordingly, RT2 increases
as SOA decreases. In contrast, RT1 should remain
unaffected by SOA (for a review, see Pashler, 1994).
Although the central bottleneck model provides a
parsimonious account of several RT phenomena as-
sociated with the PRP paradigm, other research has
indicated that processes prior to response selection
(Johnston & McCann, 2006; Koch & Jolicoeur,
2007; Koch & Prinz, 2002) and motor processes
(Bratzke et. al., 2008; Bratzke, Rolke, & Ulrich,
2009;; De Jong, 1993; Ruiz Ferndndez & Ulrich,
2010; Ulrich, 2006) can be subject to dual-task

interference as well.
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The standard formulation of the central bot-
tleneck model implies that the central processor
is dedicated sequentially to each task and assumes
that the central stage of Task 1 is processed first
(Pashler & Johnston, 1989). However, it leaves
open whether central processing order is specified
by a higher-order control mechanism, or whether
this order is simply determined by a first-come,
first-served principle (i.e., the stimulus that arrived
first at the bottleneck also enters to the bottleneck
first). Studies addressing order control in PRP-tasks
tend to support the notion of a higher-order control
mechanism (e.g., De Jong, 1995; Leonhard, Ruiz
Fernandez, Ulrich, & Miller, 2011; Leonhard &
Ulrich, 2011; Luria & Meiran, 2003; Ruiz Fernan-
dez, Leonhard, Rolke, & Ulrich, 2011; Sigman &
Dehaene, 2006; Szameitat, Lepsien, Cramon, Sterr,
& Schubert, 2006; Umilta, Nicoletti, Simion, &
Tagliabue, 1992).

Recent research has indicated that the duration
of central processes can influence the processing
order of Task 1 and 2 (Leonhard et al., 2011; Ruiz
Fernindez et al., 2011). For example, Leonhard et
al. (2011) combined a more time-consuming first
task with a less time-consuming second task in
a PRP paradigm. Specifically, Task 1 was a men-
tal rotation task designed to have a more time-
consuming central stage than Task 2 (Cooper &
Shepard, 1973; Shepard & Metzler, 1971). In Task
1, participants judged whether a rotated letter was
presented in its normal or in its mirror-imaged form.
In the less time-consuming Task 2, participants
were asked to judge whether a tone was presented
to their left or to their right ear. It is noteworthy
that participants were not constrained to produce
the two responses in a particular order. Leonhard
et al. expected that these different task demands
affect the central processing order, because pro-
cessing Task 2 before Task 1 should reduce Task
2 waiting time at the bottleneck (Miller, Ulrich,
& Rolke, 2009). In fact, the results of Leonhard et
al. are consistent with the optimization account of
Miller et al. (2009) that assumes that participants
tend to perform the easier task before the harder
one in order to minimize total reaction time (TRT

= RTI + RT2).
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While Leonhard et al. (2011) employed a tradi-
tional PRP paradigm, with one task always presented
before another task, Ruiz Fernandez et al. (2011)
showed an influence of central processing duration
on central processing order in a PRP paradigm,
when task order was varied unpredictably from trial
to trial. In one half of the experiment, participants
performed a time-consuming mental rotation task
(see Leonhard et al.) combined with a tone discrimi-
nation task, in which participants judged if a tone
was presented to their left or to their right ear (hard
condition). In the other half of the experiment, the
mental rotation task was replaced by a less time-
consuming letter discrimination task, in which par-
ticipants judged whether the letter X or Y had been
presented (easy condition). In this latter condition,
the central processing duration of the tone task was
comparable to the one of the letter task.

Ruiz Fernandez et al. (2011) assessed the re-
sponse order of the two tasks as a function of SOA
(Sigman & Dehaene, 2006). For each SOA level,
they computed the proportion of trials where the
response to the tone task occurred before the re-
sponse to the letter task. This proportion increased
as a sigmoidal function from O (at large negative
SOAs in letter-tone trials) to 1 (at large positive
SOAs in tone-letter trials). From this function, they
estimated the SOA level at which the proportion of
tone responses attained 50%, that is, the SOA level
at which the two response orders (tone response
first and letter response first), were equally likely.
The authors expected that this 50% SOA level is
affected by condition (i.e., hard vs. easy) because
of the different central processing times required
for the letter task and for the mental rotation task.
Consistent with this expectation, they observed
a 255 ms shift in the predicted direction. Specifi-
cally, in the hard condition, participants tended
to perform the less time-consuming tone task first
more often than in the easy condition, especially at
short SOAs, suggesting that the duration of central
processes influences central processing order.

Another recent study by Huestegge and Koch
(2010) also revealed that the duration of central
processes influence processing order. In their dual
task study, participants had to execute a saccade
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and a manual task to one single stimulus (i.e., tone
presented to the left or the right ear). The authors
manipulated stimulus-response (S-R) compatibility
to vary the temporal task overlap. Specifically, in
one condition the S-R mapping was spatially com-
patible in the saccade task, but was incompatible
in the manual task, whereas in the other condition
the mapping was incompatible in the manual task,
but was compatible in the saccade task. In the con-
dition with compatible saccades, but incompatible
manual responses, the central overlap of the tasks
was assumed to be small, because response latencies
are typically shorter for saccadic than for manual
responses.

In contrast, in the condition with incompatible
saccades but compatible manual responses, the cen-
tral overlap was presumably larger. Results showed
that in the dual-task trials with the compatible
saccade task, the saccades were performed first in
most of the trials (98.9%), whereas in trials with in-
compatible saccades, saccades were performed first
less frequently (90.9% of the trials). Thus, the study
can be interpreted as supporting the assumption
that processing order is influenced by the duration
of central processes.

As mentioned above, research has indicated
that under certain task conditions, motor processes
in dual tasking are subject to interference (Bratzke
et al., 2009; Bratzke et al.!, 2008; De Jong, 1993;
Ruiz Fernandez & Ulrich, 2010; Ulrich et al., 2006).
Ulrich et al., (2000), for example, manipulated the
duration of the first response (R1) and required
their participants to respond to a tone (low vs. high)
with a ballistic movement (left hand) of different
distances (short vs. long). In Task 2 participants
responded to a letter (X vs. O) with the index
finger or the ring finger of the right hand. Accord-
ing to the central bottleneck model, R1 distance
manipulation should not influence Task 2 perfor-
mance. In contrast to this assumption, however,
R1 distance propagated onto RT2 at short SOAs.
Specifically, RT2 increased with R1 movement time

1 Bratzke et al. (2008) used similar single vs. sequential key press
responses in a PRP paradigm and demonstrated both a massive
effect on response duration and a motor bottleneck.

CIENCIA COGNITIVA | 2013 | 1441



SUSANA Ruiz FERNANDEZ, TANJA LEONHARD, MARTIN LACHMAIR, BETTINA ROLKE, ROLF ULRICH

and this propagation effect diminished, as SOA
was increased. Similar results have been obtained
when participants performed response sequences
of different length in Task 1 (Bratzke et al., 2008;
Pashler & Christian, 1994). These results indicate
that additionally to central processes, motor pro-
cesses are subject to interference.

The optimization account of Miller et al. (2009)
assumes that participants try to minimize the to-
tal time needed to perform both tasks. Therefore,
they should perform the less time-consuming task
before the more time-consuming task, in order
to minimize the waiting period of the less time-
consuming task in the bottleneck, especially at
short SOAs. The results of Leonhard et al. (2011)
and Ruiz Fernandez et al. (2011) are consistent
with this notion. Both studies showed that task
demands, which affect the duration of the central
stage, influence the response order of the two tasks.
Assuming that not only central processes, but also
motor processes are subject to interference (e.g.,
Ulrich et al. 2006), task demands that affect the du-
ration of the motor stage should also influence the
response order of the two tasks. More specifically,
if participants tend to minimize the TRT by reduc-
ing the waiting period of the less time-consuming
response, they should also consider the duration of
the motor stage. Accordingly, they should respond
first to the task with the less time-consuming motor
response and then to the task with the more time-
consuming response, especially at short SOAs.

In order to address the question whether or not
the duration of motor processes would also influ-
ence processing order, the present study varies the
motor demands of one task in a PRP paradigm,
similarly to the study of Ruiz Fernandez et al (2011).
In both conditions of the present experiment, a
tone discrimination task was combined with a letter
discrimination task. In the easy response condition,
participants responded to each task with a single
key press, whereas in the hard response condition,
the tone task required again a single key press, but
the letter task required a time-consuming key press-
sequence'. If the duration of the response affects
the processing order of Task 1 and 2, we expected,
on the basis of the optimization account (Miller et

1442 | UNIVERSITAS PSYCHOLOGICA

al., 2009), that participants would tend to finish the
tone task more often before the letter task in the
hard response condition (with the letter task to be
hard) than in the easy response condition (with the
letter task to be easy). This would minimize total
performance time, because the easy task does not
need to be postponed until the time-consuming
hard task has been completed.

Method

Participants. 38 students (M = 24.7 years) of the
University of Tiibingen participated in this 90-
min experiment. All participants reported normal
hearing and normal or corrected-to-normal vision.
They received either course credits or payment for
their participation.

Stimuli. The stimuli of the letter discrimina-
tion task were X or Y, presented in their upright
position in the middle of the screen. The letters
were displayed until response onset. The tone dis-
crimination task consisted of a 523 Hz, 80 dB-SPL
tone, presented to the right or to the left ear via
headphones for 100 ms.

Apparatus. Participants were tested individually.
They sat in a chair at a distance of approximately
60 cm from monitor, upon which the visual stimuli
were presented. Auditory stimuli were presented
via headphones. There was a separate response
panel for each hand to register responses with the
index finger and the middle finger. In the easy
response condition, the letter discrimination task
required a single key press with the left hand (in-
dex vs. middle finger). In the hard response con-
dition, it required a sequence of three key presses
with the left hand (index-, middle-, and index
finger-sequence vs. middle-, index-, and middle
finger-sequence). The assignment of the stimuli
(X or Y) to response fingers was balanced across
participants. The tone discrimination task required
a key press of the right index, or right middle finger
if the tone was presented to the left or the right
ear, respectively.

Procedure. Participants were instructed to re-
spond as quickly and as accurately as possible
to both tasks, emphasizing that both tasks were
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equally important. Participants were informed
that these criteria were used to determine credit
points for each trial and to reward the person
with the highest score with 25 €. The response
order was not mentioned, unless the participant
explicitly asked for it. In that case, however, the
participant was told that response order was of his
or her own choice.

Each trial started with the presentation of a fixa-
tion cross (0.38° x 0.38° visual angle) in the middle
of the screen for 1,000 ms followed by the presenta-
tion of the first stimulus. After a variable SOA, the
second stimulus was presented. After each trial,
feedback was provided in the middle of the screen. If
the participant responded correctly to the two tasks,
the word “richtig” (correct) appeared for 1,500 ms.
If one or both responses were incorrect, the word
“falsch” (wrong) appeared for 2,000 ms.

Credit points were determined by means of
speed and correctness of responses and were
shown in black, below the feedback. To calcu-
late the credit points, the total reaction time of
the current trial i TRTi was compared, against
a weighted exponentially moving average, M
(TRT) = 0.I:(TRT, ) + 0.9'M (TRT, ). This
average for the point system gives greater weight
to performance in recent than previous trials
and, thus, adjusts for local fluctuations in perfor-
mance, such as changes due to learning or fatigue.
If TRT, was smaller than M (TRT) and both
responses were correct, participants obtained 50
credit points. If only one of these two criteria was
achieved, participants obtained O points. If none
of these criterions was achieved, they obtained
50 points (see Leonhard et al., 2011).

The next trial began after the disappearance
of the feedback. At the end of each block, the
achieved block score was indicated. A single session
consisted of 14 blocks of 52 trials each. Whereas
SOA varied randomly from trial to trial, response
difficulty varied between the first and the second
half of the experiment. The order of the response-
difficulty condition was counterbalanced across
participants.

Design. The experiment employed a two-factor
within-subjects design with factors of SOA (0, =50,
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+100, 200, =400, =800, and *1,600 ms) and
response difficulty (hard vs. easy). The dependent
variables were mean RT of the tone task (RT ),
mean RT of the letter task, (RT, ), and accuracy
for both tasks measured in percentage correct (PC-
wone and PC,_ ). Note that in the hard response
condition, RT,  _was measured as the time needed
for the first key press of the hard response. To de-

termine the orderof R _and R, the percentage

letter?

of trials in which participants performed R __first
one
was determined.

Results

RTs shorter than 100 or greater than 3,000 ms were
considered outliers and their corresponding trials
were discarded (2.4%). Trials were only included in
further analyses when both tasks were performed
correctly (89%). Accordingly, in the hard response
condition the three key presses had to be performed
correctly. Inter-response intervals (IRIs) are shown
in Table 1. p-values were, whenever appropriate,
adjusted for violations of the sphericity assumption,
using the Greenhouse-Geisser correction.

We calculated for each SOA level the percent-
age of trials in which participants performed the
tone task before the letter task. From the resulting
response function, the 50% SOA value was estimat-
ed for each condition and for each participant. This
analysis was performed by the computer program
PMETRIC (Miller & Ulrich, 2003), which allows
the estimation of the 50% SOA value, as well as
the estimation of the steepness (DL) of the response
function. Separate ANOVAs were performed for
the 50% SOA and the DL estimates.

In order to enhance comparability with other
PRP-studies, RT and PC were analyzed for both
presentation orders, that is, separately for letter-tone
trials and for tone-letter trials. Consequently, trials
in which stimuli were presented simultaneously (i.e.,
SOA = 0) were discarded. The dependent variables
were submitted to analyses of variance (ANOVA)
including the factors SOA (50, 100, 200, 400, 800,
and 1,600 ms), as well as response difficulty (hard
vs. easy). Additionally, in the hard response con-
dition, the response duration of the letter task (i.e.,
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from the onset of the first key press to the offset of
the third key press) was measured.

50% SOA and DL

The location of the response function, as assessed
by the 50% SOA value, was significantly affected
by response difficulty, F(1,37) = 547, p = 0.025
(see Figure 1). In the easy condition, both response
orders (i.e., first R and second R, or first
Rlcttcr
performed and the response order function has
a 50% SOA value of 37.3 ms. In contrast, in the
hard condition, the response sequence R first
and R second was performed more often, pro-
ducing a large negative 50% SOA value of -200.8
ms. In other words, participants tended to perform
R, . thanthe

one  letter

reverse order R —R in the hard compared to
the easy condition. Accordingly, the letter had to be

presented 238.1 ms earlier in the hard than in the

and second R ) were almost equally likely

more often the response order R

easy condition for attaining equal response order
frequencies of R and R
one

letter’

Theoretically most important, this result
shows that participants tend to perform the less
time-consuming motor response before the more
time-consuming one. In contrast to the 50% SOA
value, the steepness of the RT function was not
significantly affected by the response difficulty,
F(1,37) = 2.67, p = 0.111, indicating that this
factor does not influence the overall shape of
this function. Table 2 additionally illustrates the
percentage of response reversals (i.e., trials where
the response to the second presented task was first
performed). The table shows that the percentage
of response reversals is especially high in the hard
response condition, if the tone follows the letter
by short SOAs (i.e., at SOA = -50 ms and SOA
= -100 ms in the letter-tone trials of the hard
response condition).

Letter-Tone Trials

In these trials, RT, and PC___ correspond to
the first-presented task and RT._ and PC__ cor-

tone tone
respond to the second-presented task.

100 - —8— hard response condition
—O— easy response condition

@ o3
o o
1 1

Rtone first (%)
8

20

7600
800 4
400 -
200 4

letter-tone trials

~70p
50
04

SOA (ms)

je) fe) S je) fe)
°e 8 ¥ & &
tone-letter trials

Figure 1. The response order function depicts the percentage of the tone task performed as the first task as a function of SOA
between the presentation of the first stimulus (S1) and the second stimulus (S2). The functions are shown separately for the
hard response condition, in which a more time-consuming response (i.e., key press sequence) for the letter task was combined
with a less time-consuming response (i.e., single key press) for the tone task, and the easy response condition, in which a less
time-consuming response (i.e., single key press) is required for both tasks. Note that negative SOA wvalues correspond to the
dual-task situation in which the letter was presented first. Positive SOA values correspond to the dual-task situation in which
the tone was presented first. Error bars represent the within-subject standard error (Cousineau, 2005).

Source: Own work
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PC,,. Overall PC_  was 98.4%. ANOVA
showed no significant effect on PC _,allp > 0.1
(see Figure 2).

RT,,,. There was a significant main effect of
SOA, F(5,185) = 19.37, p < 0.001; indicating a
decrease of RT with increasing SOA (see Figure
2). There was no main effect of response difficulty,
F(1,37) = 2.15, p = 0.151. The factors, however,
produced a reliable interaction, F(5,185) = 7.82,
p < 0.001. Post-hoc comparisons per SOA revealed
thatRT, was significantly longer in the easy than
in the hard response condition at SOAs 400, 800
and 1,600 ms (all p < 0.05).

The response duration of the letter task in the
hard response condition was M = 544 ms (SD =
196 ms).

PC,  OverallPC_  was93.5%. Accuracy var-
ied over SOAs and was lowest at SOA 400 ms, F(5,
185) = 3.74, p = 0.006 (see Figure 2). Responses
were 5% more accurate in the hard than in the easy
condition, F(1,37) = 75.27, p < 0.001; factors did
not interact, F < 1.

RT, . ANOVA revealed a highly reliable PRP
effect, F (5,185) = 130.38, p < 0.001 (see Figure
2). The inverted slope of the RT function at short
SOAs is consistent with the notion that in some tri-
als the tone task is performed before the letter task
(cf. Leonhard etal., 2011). RT _ was 175 ms longer

in the hard than in the easy condition, F(1,37) =

68.58, p < 0.001. This latter effect varied signifi-
cantly with SOA, F (5,185) = 6.75, p < 0.001. It
was smaller at extreme SOAs (90 ms and 81 ms at
SOA= 50 ms and 1,600 ms, respectively) and bigger
at medium SOAs, with a maximum difference at

SOA = 400 ms (276 ms).
Tone-Letter Trials

In these trials, RT, andPC_ correspond to the
first-presented task and RT,  and PC_  corre-
spond to the second-presented task.

PC, .Average PC  was94.8%.PC__differed
across SOAs and was lowest at SOA 50 ms, F(5,185)
= 4.88, p = 0.007 (see Figure 3). Responses were
2.1% more accurate in the hard than in the easy
response condition, F(1,37) = 5.82,p = 0.021. The
factors produced a marginally significant interac-
tion, F(5,185) = 2.43, p = 0.079. At SOA 50 ms,
responses were 5.0 % more accurate in the hard
than in the easy response condition and at SOA
1600 ms, responses were 1.5 % more accurate in the
easy than in the hard response condition.

RT, . There was a main effect of SOA, F(5,185)
= 14.86, p < .001; when SOA was long, RT was
70 ms longer than when SOA was short (see Fig-
ure 3). There was a marginally significant effect of
response dificulty, F(1,37) = 3.1, p = 0.087. RT

tone

was marginally faster (52 ms) in the easy than in
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Figure 2. Reaction time and percent correct for the letter task (left side) and the tone task (vight side) depending on SOA,
when the letter was presented as first stimulus. The results were depicted separately for the easy and the hard response condi-
tions. Error bars represent the within-subject standard error (Cousineau, 2005).

Source: Own work
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Figure 3. Reaction time and percent correct for the tone task (left side) and the letter task (right side) depending on SOA,
when the tone was presented as first stimulus. Results were depicted separately for the easy and the hard response conditions.
Error bars represent the within-subject standard error (Cousineau, 2005).

Source: Own work

the hard response condition; factors did not inter-
act, p > 0.1.

PC,,,, Overall, PC_  was 97.9%. PC_
differed across SOAs and was lowest at SOA 800
ms, F(5,185) = 9.17, p < 0.001 (see Figure 3). Re-
sponses were 1.4% more accurate in the hard than
in the easy response condition, F(1,37) = 14.13,p
< 0.001. The factors produced a reliable interac-
tion, F(5,185) = 6.18, p < 0.001. At SOA 1600 ms,
responses were 2.6 % more accurate in the hard
than in the easy response condition. This difference
diminished at SOA 50 ms to 0.9%.

RT,,.. ANOVA revealed a clear PRP effect,
F(5,185) = 314, p < 0.001. RT, . tends to be 58
ms longer in the hard than in the easy response con-
dition, F(1,37) = 3.72, p = 0.062. This latter effect
varied with SOA, F(5,185) = 6.14, p = 0,009. Post-
hoc comparisons per SOA revealed that RT,
was significantly higher in the hard than in the
easy response condition at SOAs 100 and 1,600
ms (all p < 0.05).

The response duration of the letter task in the
hard response condition was M = 529 ms (SD =

166 ms).

Discussion

Recently, Leonhard et al. (2011) and Ruiz Fernén-
dez et al. (2011) provided evidence that the dura-
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tion of the central stage influences the order of
central processing in PRP-tasks. Further research
also indicated that, in addition to central pro-
cesses, motor processes are subject to interference
(e.g., De Jong, 1993). The purpose of the present
study was to examine whether response duration,
like central duration, influences processing order.
To address this question, the present experiment
manipulated the response duration of one task.
Specifically, in one condition of the experiment, a
tone task required a single key press, whereas a let-
ter task required a more time-consuming key press-
sequence (hard condition). In the other condition
of the experiment, participants responded to each
task with a single key press (easy condition). Based
on the optimization account of Miller et al. (2009),
we assumed that participants try to minimize the
total processing time. In consequence, they should
tend to perform the less time-consuming response
task before the more time-consuming response
task. Therefore, we expected a shift of the response
function between the easy and the hard condition.

The results clearly confirm this prediction. Par-
ticipants more often performed the response R
before R, in the hard than in the easy response
condition, especially at short SOAs, indicating
that response duration affects processing order in
PRP-tasks. This finding might reflect a tendency of
participants to minimize TRT (see also Leonhard
V.12 | No.5 |
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et al., 2011; Ruiz Fernandez et al., 2011). Process-
ing the easy response first is efficient at short SOAs
because it reduces the waiting period of the tone-
task. Consequently, these results are in line with the
optimization account of dual task processing (see
Miller et al., 2009). This interpretation is addition-
ally supported by the TRT data of the present study
(see Table 2). At SOA= —50 ms and SOA= —100
ms in the letter-tone trials of the hard response
condition — where response reversals are especially
frequent — TRT is shorter when responses are re-
versed (i.e., when the easy response is performed
first) than when responses are emitted according to
the presentation order (i.e., when the hard response
is performed first). In contrast, at longer SOAs in
this condition — where participants responded ac-
cording to the presentation order in the majority
of trials — responding according to the presentation
order seems to be more efficient in terms of TRT.

The present finding extends the results of Leon-
hard et al. (2011) and Ruiz Fernéndez et al. (2011)
to response-related processes, indicating that not
only central processes, but also the nature of the
response itself, can affect processing order in PRP-
tasks. Besides this major result on the basis of the
response functions, additional analyses on RT
confirmed a clear PRP effect. Thus, the second
presented task —if not processed first at short SOAs
—was postponed until central processing of the first
task was completed. Additionally, in the letter-tone
trials RT  was longer in the hard response condi-
tion than in the easy response condition and varied
significantly with SOA (see Figure 2). These two
results are consistent with the idea that the effect
of response duration of the letter task propagates
to the tone task and diminishes as the temporal
overlap of the two tasks decreases (Bratzke et al.,
2008; Ulrich et al., 2006).

By looking at Figures 2 and 3, it becomes obvi-
ous that the tone task is subject to a speed-accuracy
tradeoff (SAT) effect. Specifically, a prolonged RT
for the tone task came along with higher PC in this
task. This pattern of results is most pronounced in
the letter-tone presentation order, but it is also pres-
ent in the tone-letter presentation order. One expla-
nation could be that similar responses (i.e., responses

| UNIVERSITAS PsycHoLoGicA | V.12 | No. 5

with the same number of response elements) lead to
more interference than dissimilar responses, and ac-
cordingly, to more errors. Such a response crosstalk
could also prevail at longer SOAs. A second expla-
nation could be that the propagation effect caused
the SAT- effect. In consequence, the increment of
RT,_ through the effect of response duration could
have influenced the accuracy of the tone task, caus-
ing the increment of PC_ . This explanation would
account for the more pronounced SAT-effect in the
letter-tone presentation order.

Results also show that in RT,  there is an in-
teraction between SOA and response difficulty in
both presentation orders. Surprisingly, the pattern
of interaction is reversed in both presentation orders
(see Figure 2 and 3). Specifically, in the letter-tone

presentation order, RT, is higher in the easy

letter
than in the hard response condition, whereas in
ereer 18 higher

in the hard than in the easy response condition. A

the tone-letter presentation order, RT

tentative explanation for this specific result could
be that participants slightly preferred the tone task
when they had to perform two equally easy re-
sponses. Therefore, they could tend to prepare the
response to the tone. When the letter is first pre-
sented, a possible preparation of the tone response
may involve switching costs in order to respond to
lerrey 01 the
easy response condition of the letter-tone trials. On

the letter, consequently increasing RT

the contrary, when the tone is presented first, the
response to the tone is executed and the response to
the letter could be prepared and executed without
switching costs. Although this explanation might
explain the data pattern, it should be noted that it
is somewhat speculative.

As mentioned before, the present results are
consistent with the idea that the nature of the
response itself can affect processing order in PRP-
tasks. However, one may attribute the effects on
processing order to differences in the duration
of the stimuli presentation, rather than to differ-
ences in response duration. Specifically, it might
be argued that participants tended to process the
tone first because it was only presented for 100 ms,
whereas the letter remained on the screen until the
response to the letter. One then could expect that
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the tone task arrived first at the central bottleneck,
at least when SOA was short. According to the first-
come, first served extension of the bottleneck, one
might then argue that response reversals at short
SOAs were rather due to fluctuations in central
arrival times than to an optimization process modu-
lated by response duration.

Contrary to this view, the work of De Jong
(1995), Luria and Meiran (2003) and Leonhard
and Ulrich (2011) indicates that task order is not
simply determined on a first-come, first-served
basis. For example, Leonhard and Ulrich tested
the first-come, first-served assumption. The au-
thors temporally extended the perceptual stage
of the first presented stimulus so that the second
presented stimulus might arrive first at the central
bottleneck. Based on the percentage of response
reversals, which was not influenced by this ma-
nipulation, the authors concluded that process-
ing order is not determined by the central arrival
times. According to this result, it seems unlikely
that the effect observed in the present study was
due to different arrival times. More importantly,
the data in the present study also do not support
this notion. Specifically, if response reversals
would be determined by the perceptual duration
of the stimuli, one might have expected that re-
versals would have taken place both in the easy
and in the hard response condition (as presenta-
tion duration of the letter and the tone did not
vary between conditions). Contrary to this idea,
participants responded first to the tone more often
in the hard than in the easy response condition
(see Table 2).

Recently, Corallo, Sackur, Dehaene, and Sig-
man (2008) provided evidence that participants
can reliably estimate the time needed to accomplish
a task. More importantly, their results also showed
that the introspective estimates of RT2 were not
influenced by SOA, indicating an absence of the
PRP-related processing delay in RT2. According-
ly, one could argue that the effect observed in the
present study cannot reflect a tendency of partici-
pants to minimize the TRT by reducing the waiting
period of Task 2. Although we cannot completely
discard this possibility, it seems not plausible for us,
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as participants performed more response reversals
in the hard response condition when both tasks
considerably overlap in time (i.e., when the waiting
period of Task 2 is long) than when the tasks did not
overlap that much (i.e., when the waiting period of
Task 2 is short). Moreover, the additional request
for introspective estimates in Corallo et al’s study.
could have influenced the PRP situation, thus being
difficult to transfer the findings of Corallo et al. to
the ones of the present study.

The present results are consistent with the idea
that participants perform the easier task before the
harder one when both tasks considerably overlap
in time (see also Huestegge & Koch, 2010). One
may be inclined, however, to attribute this effect to
motor processes rather than to a strategic, top-down
scheduling of response order. For example, assume
that the motor programming time associated with
the hard task is longer than the one related to the
easy task. If motor processing of both tasks proceeds
in parallel, the response associated with the easier
task should occur before the response of the harder
task. There are, however, several arguments against
this motor time-related account.

First, there is strong evidence that motor pro-
cessing cannot be performed in parallel when both
tasks involve homologous limbs (Bratzke et al.,
2008; Bratzke et al., 2009; De Jong, 1993; Ruiz
Fernandez & Ulrich, 2010; Ulrich et al., 2006).
This assumption is supported by the present study.

As can be seen in Figure 2, the effect of response
duration in the first letter task propagates toRT
in the second task, indicating a response execution
bottleneck. However, whether this response execu-
tion bottleneck may represent a genuine motor
bottleneck or a monitoring process (e.g., Jentzsch,
Leuthold, & Ulrich, 2007; Welford, 1952) is beyond
the scope of the present study.

Second, it is unlikely that the motor program-
ming time of the harder task (sequential finger
presses) is about 238 ms longer than the one of the
easy task (single finger press). In the present study,
a rough estimate of the influence of motor process-
ing time can be inferred from the IRIs presented
in Table 1. The table shows that in the tone-letter
presentation order, the IRIs of the non reversed

V.12 | No.5 | CIENCIA COGNITIVA | 2013 |
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response trials (i.e., IRInorm) in the hard response
condition were 138 ms (in mean) longer, that in
the easy response condition. Assuming that this
difference is completely due to the effect of motor
programming time (note that previous research
documented that the effect of sequential finger
presses vs. single finger press on RT is in the range
5-25 ms, e.g., Hackley & Miller, 1995; Schréter
& Leuthold, 2009; Smulders, Kok, Kenemans, &
Bashore, 1995), it still cannot account for the whole
shift of 238 ms. Therefore, it seems more likely to
us that this shift is the sign of an order control
mechanism (e.g., Sigman & Deheane, 2006) that
determines the access to a structural bottleneck, for
example, in order to optimize dual-task processing
(Miller et al., 2009).

Thus, the present study extends the finding of
Leonhard et al. (2011) and Ruiz Fernandez et al.
(2011) showing that processing order is not only
influenced by the duration of central processes, but
also by response duration.
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