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This study investigated the conditions under which the processing in a speeded
response task interferes with concurrent processing in a visual encoding task.
Three experiments used a dual-task paradigm, in which a speeded left or right
response to atone was combined with the identification of a masked left- or right-
pointing arrow following the tone with variable SOA. Two additional experi-
ments tested the impact of the presentation of pure tone on visual encoding. There
were four major findings. First, an unspecific decrease in identification accuracy
was observed with decreasing SOA. Second, a blindness to response-compatible
stimuli was observed with speeded responses. Third, a specific interference was
found between low- and high-pitched tones and left- or right-pointing arrows.
Fourth, the specific tone-arrow interference modulated the specific response-
arrow interference when the task allowed both to occur simultaneously. The
present findings, which suggest both procedural and structural interference
between response preparation and stimulus encoding, are discussed in terms of a

two-stage model of action planning.

Most studies of the relationship between perception and action have been
concerned with the impact of stimulus information on response selection.
Only recently has there been an increase of interest in the reversed question
of whether and how action-control processes are able to affect perceptual
processing. One reason for this reversal can be found in a recent shift towards
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theoretical frameworks of action planning in which voluntary actions are seen
to be cognitivel y evoked by the anticipations of their sensory effects. Thus, the
assumption i1s that movements are cognitively represented by their external
effects and, thus, could be initiated by the activation of the corresponding effect
codes (Greenwald, 1970; Hoffmann, 1993; Hommel, Miisseler, Aschersleben,
& Prinz, in press; MacKay, 1987; Prinz, 1990, 1997; for early versions of this
idea see James, 1890; Lotze, 1852). This view implies that not only stimulus
codes (i.e., codes of perceived events), but also response codes represent
external events (i.e., codes of yet to-be-produced events). Accordingly, cogni-
tive codes common to perception and action constitute the interface between
these domains. Another consequence of this notion is that stimulus processing
and response preparation can overlap both in time and in structure and, thus, are
able to affect each other in a specific manner (Hommel, 1997; Hommel et al., in
press; Miisseler, 1999).

The question of whether action—control processes are able to affect percep-
tual processing can be put to an empirical test by using a dual-task paradigm;
thatis, observers’ ability to identify a stimulus should be studied in situations in
which they are engaged in an unrelated motor task. In the most established
experimental dual task, the so-called paradigm of the psychological refactory
period (PRP), individuals have to perform two speeded responses to different
stimuli presented in close succession. In the case of a short stimulus onset
asynchrony (SOA), processing on the two tasks overlaps in time, and the
second response slows down (see Pashler, 1994, for an overview). Most
authors attributed this latency increase of the second response during the
preparation and execution of the first response to a “bottleneck™ in cognitive
processing. In other words, when the system is occupied with processing in one
task, processing in a second task must be postponed when it requires the same
cognitive operations (e.g.. Pashler, 1994; Welford, 1952, 1980) or cognitive
resources (e.g., Kahneman, 1973; Wickens, 1980).

Many studies investigated dual-task interference between two speeded
response tasks. The observed costs were assumed to originate from a bottleneck
at the response selection stage, that is, from the inability simultaneously to
select (e.g.. Pashler, 1984, 1989; Welford, 1952, 1980) and/or to execute (e.g..
De Jong, 1993; Karlin & Kestenbaum, 1968; Keele & Neill, 1978) two motor
responses. Only a few authors were interested in the question of whether the
processing of a response task also affects the processing of a perceptual task:
and, indeed, they found perceptual impairments (Arnell & Duncan, 1998
De Jong, 1993: De Jong & Sweet, 1994; Jolicoeur, 1999a). For example.
Jolicoeur (1999a) reported that the identification of a foveally presented,
pattern-masked letter is impaired when the observer is simultaneously engaged
in responding to an auditory stimulus. Jolicoeur (1999a) suggested that the
“short-term consolidation™ of visual information in short-term memory is
disturbed by the concurrent processing of the response task. However, it



remained unclear which of the processes in the response task was responsible
for this disturbance.

Indeed. most of the studies showing unspecitfic impairments in perceptual
performance when the participants are simultaneously engaged in a response
task are not able to unequivocally localize the source of interference. For
example. De Jong and Sweet (1994) found a decline in accuracy in a visual
encoding task when the SOA was shortened between a tone calling for a manual
response and the visual stimulus. Additionally, they observed that the size of
the decline in perceptual accuracy varied substantially. depending on which
task had been emphasized in the instruction. From this observation, the authors
concluded that there are at least two factors limiting perceptual performance
under dual-task conditions: The inability to tully prepare two tasks simulta-
neously and the intertference between these two tasks. Thus. both the source and
the relative contributions of (unspecific) interterence and preparatory limita-
tions remain vague.

A ditferent strategy in the investigation of whether the processing in a motor
task can actually affect the concurrent processing in a perceptual task is to look
tor specific interferences between a motor task and a perceptual task. Specific
interferences are observed when the performance in the perceptual task varies
as a function of the degree of feature overlap between the to-be-identified
stimulus and the concurrent response. Because the feature overlap between a
response task and a perceptual task can be varied while holding the preparation
tor the perceptual task constant, the observation of specific interference would
indicate a structural crosstalk between response preparation and stimulus
encoding.

Recent experiments in our lab revealed such specific interferences. The
assumption was that the initiation of an action leads to a temporary insensitivity
to a stimulus that shares common codes with the response within the same
cognitive system. More concretely. such a code was considered to be used
when a right (left) keypress (indicated by a response cue) was generated as
well as when an arrow pointing to the right (left) was encoded (Miisseler, 1995
Miisseler & Prinz, 1996). Accordingly, the observer’s sensitivity to stimulus
events that share features with a response was assumed to decrease during the
execution of this response. In other words, the perceptual and the motor event
codes come into conflict with respect to the overlapping feature code in
the compatible condition, whereas they can coexist without any conflict in the
incompatible condition. And, indeed, this was observed in our experiments:
The identification ot a right arrow was reduced when presented during the
execution of a right response as compared to during the execution of a left
response and vice versa (“blindness to response-compatible stimuli™; Miisseler
& Hommel, 1997a, b; Miisseler, Steininger, & Wiihr, 2001 ; Miisseler, Withr, &
Prinz, 2000: Wiihr & Miisseler, 2001 : for overviews see Miisseler. 1999; Wiihr,
2000).



When these experiments were designed. the main interest was to determine
the influence of a pure motor response on the perceptual encoding of visual
stimuli. Consequently, the aim was to minimize the contribution of the
response-inducing stimulus (i.e.. of the response cue). Therefore, participants
were instructed to perform the response at leisure after the presentation of the
response cue in order to ensure that an already selected and prepared response
would be executed when the masked stimulus was presented. Accordingly, the
perceptual impairment still occurred when the response cue was omitted from
the procedure and participants were instructed to generate the response endoge-
nously (Miisseler et al., 2000). Thus, in contrast to the PRP experiments
mentioned earlier (e.g.. De Jong & Sweet. 1994: Jolicoeur. 1999a), the
encoding of the response cue and the preparation of the corresponding response
were not speeded.

The aim of the present study was to further investigate the blindness to
response-compatible stimuli with speeded responses; that is, with a PRP-like
paradigm. Therefore, an experimental set-up was used similar to that used by
Jolicoeur (1999a). He combined a speeded manual keypress to a tone with the
visual identification of a briefly presented, pattern-masked stimulus: and he

raried the SOA between the tone and the stimulus. As previously mentioned.

the observed decrease in identification accuracy with decreasing SOA between
tone and stimulus has been taken as evidence for an unspecific dual-task inter-
ference. In contrast to Jolicoeur (1999a), the main interest of the present study
was to 1dentity specific interferences between these tasks. Therefore, not only
was the temporal relationship between the response task and the identification
task varied. but also the amount of feature overlap between responses and
visual stimuli.

We expected turther theoretical insights from the extension of the blindness
paradigm to a PRP task. In the previous studies, the response had never been
executed immediately. Instead. the execution of the response had to be post-
poned (suppressed) either until a neutral response had been performed (e.g..
Miisseler & Hommel, 1997a) oruntil a “go™ signal had occurred (e.g.. Withr &
Miisseler, 2001). Thus, one might argue that the blindness effect was caused by
this temporary withholding of the response; and it is unclear whether the blind-
ness effect would occur in a PRP situation at all.

Furthermore, in a PRP situation, the masked stimulus can be presented in all
processing phases of the response task. When the stimulus 1s presented with
arying SOAs 1n regard to the response-cue tone. the encoding of the visual
stimulus can coincide with the encoding of the tone, with the selection of
the response, or with the initiation and execution of the response. Thus, the
question is: In which of these phases does the blindness effect start to emerge?
Consequently, the SOA variation ina PRP paradigm can contribute to a better
understanding of the nature ot the blindness effect.



In the present task. participants performed a left or a right ke ypress in response
to a tone and identified a briefly presented and masked left- or right-pointing
arrowhead. which followed the tone with a variable SOA (Figure 1). Corre-
spondingly . in half of the trials. responses and visual stimuli were symbolically
compatible (1.e., left response and left-pointing arrow, right response and right-
pointing arrow ); whereas in the other halt of the trials, responses and visual
stimuli were symbolically incompatible (1.e., lett response and right-pointing
arrow. right response and left-pointing arrow). Five different SOAs (50, 150,
300, 500, and 1000 ms) were used. The main questions to be examined were
whether and when a speeded lett or right response specifically affected the
accuracy of the participants™ identification of a symbolically compatible
stimulus as compared to the participants’ identification of an incompatible
stimulus.

In Experiments 1 and 2, the auditory choice task involved a low- or high-
pitched tone and a left or right keypress. In Experiment 5, the auditory choice
task involved one long tone or two short tones (with the same pitch) and a left
or right response. In these dual-task experiments, the auditory choice task
was combined with the visual identification of a masked stimulus, which was a
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Figure 1. Schematic illustration of the displays and the timing of events (here with an SOA of 500 ms)
in Experiments 1, 2, and 5.



left- or a right-pointing arrowhead. Experiments 3 and 4 were control experi-
ments in which the visual stimulus had to be identitied simultaneously with or
after the presentation of the—now task irrelevant—tones, which had been used
as response cues in the dual-task experiments.

EXPERIMENT 1

The main purpose of the first experiment was to examine whether a speeded
motor task specifically affects the encoding of a visual stimulus. Following the
procedure of Jolicoeur (1999a). a low- or high-pitched tone was used to
indicate a speeded left or right keypress. However, in order to introduce a
teature overlap between responses and stimuli, masked left- or right-pointing
arrowheads were presented with various SOAs. The expectation was that a
common LEFT or RIGHT code has to be accessed when a response 1s generated
and when the compatible stimulus is encoded (Hommel et al.. 2001). Accord-
ingly. in addition to unspecific interferences. specific interferences were
expected between the speeded lett and right motor task and the encoding of the
left and right stimuli.

Method

Participants.  Sixteen paid volunteers (twelve temales. four males: aged
2031 years) took part in Experiment 1. All reported to be right handed and to
have normal or corrected-to-normal vision. The participants were not tamiliar
with the purpose of the experiment.

Apparatus and stimuli.  The visual stimuli were presented on a Macintosh
Ilci Computer and a 17-inch colour monitor with a screen refresh rate of 75 Hz
and a luminance of 35 cd/m. The auditory stimuli were presented by stereo
headphones. Response s were recorded with a Macintosh keyboard. The experi-
mental program was written using the software MacProbe (Version 1.8.1; ct.,
Hunt, 1994). The experiment was carried out in a dimly lit chamber. Partici-
pants were seated in front of a table with their chin placed on a chin rest with a
tixed height. The viewing distance was 50 cm.

The auditory stimuli were pure tones presented for 150 ms with a frequency
of 300 or 900 Hz. They were presented to both ears well above threshold. All
visual stimuli were displayed in black on a white background in the centre of
the screen. The to-be-identified stimulus was a left-pointing (<) or a right-
pointing (>) arrowhead. which subtended vertically about 1.6" of visual angle.
and horizontally about 0.8 of visual angle. The mask consisted of randomly
arranged lines, which had the same left or right orientation as the components
of the arrowheads and which subtended about 1.0 x 2.0° of visual angle.



Procedure and design.  Each trial started with the presentation of a blank
screen for 1000 ms (Figure 1). Then, one of the tones was presented as a
response cue for 150 ms. The task was to press as quickly as possible either the
left key with the left index finger or the right key with the right index finger
according to the pitch of the tone, while making as few errors as possible. Half
of the participants had to press the left key if the tone had a low pitch and the
right key if the tone had a high pitch, whereas the mapping rule was inverted for
the other halt of the participants. The instructions stressed the importance of
responding quickly to the tone and urged participants not to wait for the visual
stimulus to appear before the response is executed.

At an SOA of either 50, 150, 300, 500, or 1000 ms after the tone, the left- or
right-pointing stimulus was presented for a briet period of time (see later) and
then replaced by the mask. which stayed on the screen for 1000 ms. Halt a
second after the oftset of the mask. the letters "L and “R™, framed by squares.
appeared one above the other in the right halt of the screen. These letters
changed their relative positions randomly from trial to trial. The participants
had to report the identity of the visual stimulus in the last trial by clicking on the
corresponding letter (L™ for *<™ and “R™ for *>"") with the computer mouse.
The instructions for this part of the task stressed the fact that there was no
systematic relationship between responses and visual stimuli. and participants
were told to guess if uncertain about the identity ot the stimulus.

An interval of 2 s followed an error-free trial. then the next trial began. If
participant had performed the wrong response and/or reported the wrong
stimulus, a corresponding error message occurred for an additional 1 s during
the inter-trial interval. It participant did not perform the response within 1 s
trom the onset of the tone. they received no feedback. but the corresponding
trial was repeated at the end of the block. If the reaction time exceeded 1 s in an
already repeated trial, this trial was not repeated again. After each block, the
participants received feedback about the percentage of trials with wrong
responses and/or false stimulus identifications.

To avoid ceiling or floor effects in the identification task, the presentation
time for visual stimuli was adjusted to achieve 75% performance accuracy
across all SOA conditions. The following staircase procedure was used: After
each experimental block. the presentation time was decreased by one screen
refresh (13.33 ms) if the error rate in the last block was lower than 109%. It was
increased by one refresh it the error rate was above 40%.

The compatibility relationships between the response and the visual
stimulus (compatible vs incompatible) were crossed with the five SOAs
between the tone and the visual stimulus. Two repetitions of each combination
of these factors were presented in each block. which consisted of 20 experi-
mental trials. Each participant completed a total of 30 blocks of experimental
trials on 2 different days within 1 week, for a total of 600 trials. On the first day.
the experimental phase was preceded by a practice phase consisting of eight



blocks of eight trials. In these practice trials, a constant SOA of 250 ms was
used. In the first practice block. the visual stimulus was always presented for
70 ms. For the following practice blocks, the presentation time was adjusted.
using the same staircase procedure as in the experimental phase. The mean
presentation time of visual stimuli in the last three practice blocks were used for
the first block of the experimental phase. The whole experiment lasted about
2 hours, including short breaks between blocks.

The compatibility tactor and the SO A tactor were varied within participants.
Additionally, the mapping between the low-pitched or high-pitched tone and
the left or right response was varied between participants. Thus, the experiment
was based on a 2 x 2 x 5 mixed design. The performance in the response task
and the performance in the identification task were analysed independently.

Results

Response task.  Across all conditions and participants, less than 3% of the
reaction times exceeded the criterion of 1000 ms. These trials were excluded
trom analysis. For the remaining data, mean percentages of the talse responses
(error percentage) and mean correct reaction times were calculated as a
tunction of all possible combinations ot the different levels of the factors
mapping. compatibility, and SOA (see Table 1).

Across all conditions. the mean error percentage was 1.5% (SD = 1.5). The
error percentages were subjected to 2 x 2 x 5 analyses of variance (ANOVA)
with the between-participants factor mapping (two levels). and the within-
participant factors compatibility (two levels), and SOA (five levels). The only

TABLE 1
Means of correct reaction times (RT; in ms) and percentages of errors (PE)
for the responses in Experiment 1 as a function of the mapping between a tone
and the response, the compatibility between the response and a visual stimulus,
and the SOA between tone and visual stimulus

S0OA
S0 150 J00 S00 1K)
Compatibility RT PE RT PE RT PE RT PE RT PE
Mapping low—left, high—right:
Incompatible 468 1.5 464 19 473 1.0 4580 0.8 472 0.8
Compatible 469 1.0 456 1.3 474 1.3 476 0.6 473 04

Mapping low—right, high—left:
Incompatible 464 2.3 467 1.3 453 2.1 455 1.9 473 0.8
Compatible 467 3.5 467 17 446 1.9 469 0.8 453 2.1




significant etfect was the main ettect of SOA. F(4, 56)= 2.75. p < .05, where
error percentage increased with decreasing SOA (all other p > .10). The mean
correct reaction time across all conditions was 466 ms (SD = 92). In an
ANOV A with the same factors as in the error analysis. none of the main etfects
or Interactions were significant (all p > .15).

Identification task. The mean presentation time for visual stimuli was
51 ms in both groups of participants with the two ditferent tone-response
mappings. To compute the mean proportions of correctly identified stimuli
(identification accuracy), only those trials were considered in which the
response had been correct and reaction time had been less than 1000 ms.
Across all conditions, identification accuracy was (.72 (SD = (.19). The mean
identification accuracy as a function of all possible combinations of the
different levels of the factors mapping. compatibility, and SO A can be seen in
Figure 2.

Identification accuracy was also analysed in an ANOV A with the between-
participant factor mapping (two levels), and the within-participant factors
compatibility (two levels). and SOA (five levels). The main etfect of mapping
was not significant, F(1, 14) = 1.72, p < .211. However, the main etfects of
SOA. F(4.56)=50.29, p < .001, and of compatibility, F( 1. 14)=8.12. p < .013,
were significant. The SOA etfect reflects the observation that identification
accuracy increased when the SOA between the tone and the visual stimulus
increased. There was a ditfference of ).25 between the accuracy for the shortest
SOA of 50 ms (M = (.54) and accuracy for the longest SOA of 1000 ms
(M = 0.79)." The effect of compatibility is due to the fact that response-compat-
ible stimuli (M= 0.70) were identified less accurately than response-incompat-
ible stimuli (M = 0.74).

The two-way interactions between mapping and SOA and between compati-
bility and SOA, both F(4. 56) < 1. as well as the three-way interaction F(4, 56) =
1.82, p=.138. were not significant. However, the two-way interaction between

Note that in the present series of experiments, the proportions of correctly identified visual
stimuli at each 50A should be only interprete d in respect to the values at the other SOAs. The
reason is that the presentation time of visual stimuli was adjusted to 75% accuracy across SOAs.
The consequenc e 1s that accurac y at one SOA is affected by the other SOAs. For example , at first
glance, Figure 2 (upper panel) depicts four “easy™ levels of SOA (150 to 1000 ms) and one
“difficult™ level (50 ms). Thus, the majority of “easy™ levels has had a greater impact on the mean
presentatio n time to achieve the 75% accuracy level. The consequenc e is that the adjusted presen-
tation time makes the “difficult™ SOA level even more difficul t and, therefore , might additionall y
decrease accuracy at that level. In other words, the absolute accuracy values are affected by the
proportion of “easy™ and “difficult™ SOAs in an experiment. Additionally, it is unlikely that
identificatio n accuracy and presentatio n time constitute a linear relationship . Thus. any guantita-
tive conclusions from the accuracy values should be taken with caution.
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Figure 2. Results from the visual encoding task in Experiment 1. Mean proportion of correctly
identified visual stimuli (with standard errors between participants) as a function of the tone—response
mapping (upper panel: low—left vs high—right; lower panel: low—right vs high—left), the response-arrow
compatibility (compatible vs incompatible), and the tone—arrow SOA. Each data point is based on about
480 observations.



mapping and compatibility was significant, F( 1. 14)=7.40, p=.016. This inter-
action means that—in tact—only that group of participants who had responded
according to the tone-response mapping “low—=left vs high—right”, was less
accurate In identitying response-compatible stimuli (M = (.64 ) than response-
incompatible stimuli (M = (.73). In contrast, the other group of participants,
who had responded according to the reversed tone-response mapping, showed
equal identification accuracy for response-compatible and response-incompat-
ible stimuli (M = 0.75 in both cases).

In order to quality the observed interaction between the factors mapping and
compatibility. two-way ANOVAs with the within-participant factors SOA
and compatibility were conducted on the identification rates of both groups
(i.e., mappings). separately. For the first group that had followed the tone-
response mapping “low—left vs high—right”, the main effect of SOA, F(4, 28) =
21.32, p < .001, and the main etfect of compatibility, F(1.7)= 1511, p=.006,
were significant. The interaction was not significant, F(4.28)=1.39, p=.263.
For the second group, which had followed the tone-response mapping
“low—right vs high-left”, only the main effect of SOA. F(4, 28) = 30.79,
p < .001, was significant (other F < 1).

Discussion

In the response task, the increase of falsely executed responses with decreasing
SOA indicates an unspecitic effect between both tasks. Correspondingly . inthe
identification task the SOA effect reflects an unspecific interference in visual
encoding, similar to the results observed previously by Arnell and Duncan
(1998) and by Jolicoeur (1999a). ldentification accuracy for visual stimuli
decreased with decreasing SOA between the visual stimulus and the response-
cue tone. However, the present unspecific effect probably did not only origi-
nate from an overlap of the response-generation phase with visual encoding.
Instead. the observed accuracy decrements at the very early SOAs of 50 and
150 ms indicates that the interference was also caused—at least in part—by an
overlap in the encoding of the tone and the visual stimulus.

More importantly. identification accuracy depended systematically on
which response was performed in a trial. When a left response was required. the
identitication of a left-pointing stimulus was impaired compared to the identifi-
cation of a right-pointing stimulus (and vice versa). This finding demonstrates
the blindness effect to response-compatible stimuli in a PRP paradigm
(Miisseler & Hommel, 1997a). Most surprisingly, however, this effect was
only observed with a low—left and high-right mapping in the response task.
Before explaining this effect, more empirical evidence is needed. Because the
tone-response mapping was varied between participants, it is possible that
the ditferent results originated from a pure sample bias. Therefore. the sub-
sequent experiment was designed to replicate the present findings.




EXPERIMENT 2

The present experiment aimed to replicate the findings of Experiment 1.
Instead of a between-participants design, a within-participants design was
applied to further examine the unexpected influence of the mapping in the
response task on the blindness to response-compatible stimuli.

Method

Participants. Eighteen paid volunteers (nine temales and nine males; aged
18-32 years) participated in Experiment 2. All of them declared to have normal
or corrected-to-normal vision: two participants reported to be left handed.
None had participated in Experiment 1.

Apparatus and stimuli.  The apparatus and the stimuli were the same as
those used in Experiment 1.

Procedure and design. The design was the same as in Experiment 1,
except that the tactor mapping was now varied within participants. This caused
the following changes in the procedure. Participants responded either with the
low—left and high—right tone-response mapping in the first experimental
session, and with the low—right and high—left response mapping in the second
experimental session or vice versa (15 blocks per session). This sequence was
balanced across participants.

The first session in Experiment 2 was identical to the first session in Experi-
ment 1. However, at the beginning of the second session in Experiment 2, the
participants were told that the mapping rule had changed. Then. participants
were given one practice block of 20 trials to become familiar with the new
mapping.

Results

One participant exceeded the reaction time criterion of 1000 ms in 25% of the
trials, whereas the average value for the whole sample was 5% (SD = 7).
Another participant achieved 13% of trials with false responses. compared to
5% (SD = 3) of the whole sample. Both participants were excluded from the
analysis.

Response task.  Across all conditions and participants, less than 4% of the
reaction times exceeded the criterion of 1000 ms. These trials were excluded
trom turther analyses. Across all conditions, the mean error percentage was
4.4% (SD = 2.3). The error percentages were subjected toa 2 x 2 x 5 ANOVA
with the within-participants factors mapping, compatibility, and SOA. The
main effects for mapping and compatibility were not signiticant. both F < 1, but
the error percentage increased again with decreasing SOA, F(4, 60) = 8.68,



p < .001. The mean correct reaction time was 474 ms (SD=95). An ANOVA of
the reaction times showed no significant eftect.

Identification task. The mean presentation time for visual stimuli was
37 ms for the low—lett and high—right tone-response mapping. and 35 ms forthe
low—right and high—left mapping. The ditference was not significant, # 15) =
1.23. p < .20. two-tailed. Across all conditions. identification accuracy for
visual stimuli was 0.74 (SD = 0.07).

The proportions of correctly identitied visual stimuli were analysed in an
ANOV A with mapping. compatibility. and SOA as within-participants factors.
The only significant result was the increase of accuracy with increasing SOA.
F(4, 60)=45.65, p < .001. However, neither the main effect of compatibility,
F(1.15)= 1.88, p =.191, nor the two-way interaction between mapping and
compatibility, F(1, 15)= 1.96, p = . 182, was significant (all other p > .10).

It 1s possible, however. that the expected two-way interaction between
mapping and compatibility failed to reach significance because it occurred in
the first session only. In the second session, when the participants had to invert
the mappings. carry-over etfects from the first session might have diminished
or even eliminated mapping effects on the blindness effect. Accordingly. iden-
tification accuracy was analysed for each session separately in ANOV As with
the between-participant factor mapping and the within-participant factors
compatibility and SOA. The main effect of SOA was significant for the first
session, F(4,56)=33.75. p<.001, and for the second session. F(4,56)=30.27.
p< .001. The main effects of compatibility and of mapping were not significant
in both sessions (all p > .20). The two-way interaction of compatibility and
mapping approached significance torthe first session, F(1, 14)=4.02, p <.065,
but it was far from significance for the second session (F < 1: all remaining
Interactions: p > .25). Figure 3 shows the mean identification accuracy values
from the first session in Experiment 2, as a function of the factors mapping,
compatibility, and SOA. For the second session in Experiment 2. both groups
showed slightly lower identification accuracy for response-compatible stimuli
than for response-incompatible stimuli.

In order to quality the interaction between the factors mapping and compati-
bility tor the first session of Experiment 2, two-way ANOV As with the within-
participant factors SOA and compatibility were conducted on the identification
rates of both groups (1.e.. mappings). separately. For the first group, with the
tone-response mapping “low—lett vs high—right™, the main etfect of SOA. F(4.
28) = 15.31, p < .001, and the main effect of compatibility, F(1, 7) = 5.97,
p<.045. were significant. The main effect of compatibility means that
response-compatible stimuli (M = (1.71) were identified less accurately than
incompatible stimuli (M = 0.76). The interaction between compatibility and
SOA was not significant, F(4, 28) = 1.56, p< .211. For the second group, with
the tone-response mapping “low—right vs high—left”, only the main effect of
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Figure 3. Results from the visual encoding task in the first session of Experiment 2. Mean proportion
of correctly identified visual stimuli (with standard errors between participants) as a function of the
tone—response mapping (upper panel: low—left vs high—right; lower panel: low—right vs high—left),
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SOA. F(4,28)=19.45,p < .001, was significant (other F < 1). Thus, the pattern
of results observed in the first session of Experiment 2 is exactly the same as
that observed in Experiment 1 across both sessions.

Discussion

The present experiment replicates the main findings of Experiment 1. The
blindness effect was again observed in a PRP task. but only with a low—left and
high—right tone-response mapping and not with the low—right and high—left
mapping. However, this pattern of results was only observed in the first session
of Experiment 2, when the mapping had been manipulated between partici-
pants, as in Experiment 1. When the participants had to invert the tone-response
mapping in the second session of Experiment 2, the influence of the mapping
on the blindness effect disappeared. This suggests that carry-over effects from
the first session eliminated both the blindness effect and the influence of the
tone-response mapping on the blindness effect. It seems that in the second
session each response-cue tone activated both responses: The response that had
to be made to the tone in the first session, and the response that had to be made to
the tone in the second session. This interpretation is supported by the observa-
tion of a significantly higher percentage of false responses in the second
session, 1(15) = 2.22, p=.042, two-tailed. whereas the reaction times did not
ditfer between sessions (478 vs 471 ms), #(15)=0.38, p= 712, two-tailed. The
simultaneous activation of both responses, however. could have led to impair-
ments in the encoding of stimuli that were compatible and of stimuli that were
incompatible to the actually performed response and. thus, could have elimi-
nated the blindness ettfect.

Now, let us turn to the interaction between the tone-response mapping and
the blindness to response-compatible stimuli. Why did the blindness effect
exclusively occur with the low—lett/high—right mapping? At first sight. this
observation points to similar effects already known from compatibility
research. In several studies on orthogonal compatibility etfects, advantages in
accuracy and in reaction time were observed when participants were required
to press a left button in response to a visual stimulus appearing below a fixation
point and to press a right button in response to a stimulus appearing above the
fixation point, as compared to the reversed mapping (e.g.. Lippa, 1996a, b;
Weeks & Proctor, 1990). From these observations, it was concluded that
“below™ (or “down™) is more strongly associated with “left” than with “right™,
whereas “above™ (or “up”) is more strongly associated with “right” than with
“left” (Lippa. 1996a. b). This kind of preference was observed not only
between orthogonal spatial dimensions but also between tone pitch and spatial
position. In a preferred matching task. Mudd (1963) found that low tones were
preferably associated with left positions, whereas high tones were preferably
associated with right positions.



Thus, it 1s possible that the present impact of the tone-response mapping on
the blindness ettect originated either from a preferred mapping between tones
and responses or from a preference to associate a low (high) tone preferably
with a lett (right) stimulus. With respect to the first possibility, Simon and co-
workers did not find any performance differences in response latencies and
errors when comparing the possible mappings of low and high tones to left
and right responses (cf., Simon, Meewaldt, Acosta, & Hu, 1976). We were
able to confirm these results (Wiihr, 2000). In addition, in an experiment on
the blindness to response-compatible stimuli. a variation of the strength of
association between the response cue and the response did not lead to any
observable effects on identification performance ( Miisseler et al.. 2000). Thus.
it is not likely that the present modification of the blindness effect originated
trom the tone-response mappings being different in their stimulus—response
compatibility.

Another way to explain the present blindness effect and its dependence on
the tone-response mapping is to assume two different kinds of interference. The
tirst interference might originate from the preparation and the generation of a
left (right) response. which impairs the visual encoding ot a left (right) arrow,
but not that of a right (left) arrow. This is the response-arrow interference that
has been assumed in the previous studies (Miisseler & Hommel, 1997a;
Miisseler et al.. 2000). The second interference might be that the encoding of a
low (high) tone impairs the encoding of a left (right) arrow. but not that of a
right (left) arrow. This possible tone-arrow interference between the encoding
of a frequency-coded tone and the encoding of an arrow is the subject of the
next experiment.

Given these two kinds of interference. the present pattern of results could
have emerged as tollows: In the low—left and high—right mapping. the two
kinds of interference may have worked in the same direction and their effects
may have added up. In this case, forexample, the encoding of a low tone and the
subsequent execution of a left response both impaired the identification of a lett
stimulus, whereas neither the encoding of a low tone nor the execution of a
left response interfered with the identification of a right stimulus. In contrast, in
the low—right and high-left mapping, the two kinds of interference may have
worked in opposite directions and their effects may have nullified each other. In
this case. forexample, the encoding of a high tone impaired the identitication of
a right stimulus: but the subsequent execution of a left response impaired the
identification of a left stimulus.

It these considerations are correct, it should be possible to demonstrate both
interferences independently. Experiment 3 attempted to show that the tone-
arrow interference occurs without manual responses. Experiment 4 was a
control for Experiments 3 and 5. Finally, Experiment 5 attempted to demon-
strate the response-arrow interference without a modulation by frequency-
coded tones.



EXPERIMENT 3

A possible interpretation of Experiments 1 and 2 rests on the assumption that
the present blindness etfect originated from two independent sources of inter-
terence: The tone-arrow interference and the response-arrow interference.
Both interferences converge in the low—left and high-right tone-response
mapping: but they nullity each other with the low—right and high—left mapping.
Accordingly, the blindness effect occurred in the low—left and high—right
mapping but not in the low—right and high—left mapping.

In this experiment. the implication of this interpretation was examined,
which states that the tone-arrow interference should also occurin the absence of
the primary response task. In other words., it was examined whether the pure
presentation of a low (high) tone specifically impairs the encoding of a left
(right) arrow, but not so much the encoding of a right (left) arrow. Thus, in
contrast to the previous experiments, the tone did not serve as a response cue.
Instead. the tone could be ignored. In order to also examine the unspecific
eftects of tone presentation on identification, additional trials were introduced,
in which no tone was presented.

Method

Participants.  Twelve paid volunteers (six females and six males; aged
21-32 years) took part in Experiment 3. All of them reported to be right handed
and to have normal or corrected-to-normal vision. None had participated in
Experiments 1 and 2.

Apparatus and stimuli.  The same apparatus and stimuli as in Experiments
| and 2 were used.

Procedure and design.  Each trial started with the presentation of a blank
screen for 1000 ms. Then—with equal probability—either the low-pitched
tone, the high-pitched tone. or no tone was presented for 150 ms. There were
two differences between the procedure of the present experiment and the proce-
dures of Experiments 1 and 2. First, participants did not have to perform any
response to the tones. On the contrary, participants were told that the tones were
completely irrelevant for the task and, thus. could be ignored. Second. the five
SOAs between the tone and the visual stimulus were changed to (), 50, 150, 300,
and 500 ms. Due to technical difficulties. the SOA of 0 ms was dropped from
the analysis, and only the results for the remaining four SOAs are reported. In
all other respects, the procedure was identical to the previous experiments.

Two independent variables were crossed in a 3 x 4 within-participants
design. The first factor was the relationship between the three tone conditions
and the two visual stimuli. The six possible combinations formed three levels:
The tirstlevel consisted of the two combinations of no tone and the presentation



of a left- or aright-pointing arrow. The second level consisted of the two combi-
nations of a low-pitched tone with a left-pointing arrow and of a high-pitched
tone with a right-pointing arrow. The third level consisted of the two combina-
tions of a low-pitched tone with a right-pointing arrow and of a high-pitched
tone with a left-pointing arrow. The second factor was the SOA between the
tone and the visual stimulus, with the four levels 50. 150, 300, and 500 ms. The
Intention was to separately test for the unspecific effects and for the specific
effects of the presentation ot a low- or high-pitched tone on the identification of
a left- or right-pointing arrow.

The experimental phase was preceded by a practice phase of 8 block of 12
trials each (3 tone conditions x 2 visual stimuli; fixed SOA of 250 ms). The
whole experiment consisted of one session that lasted approximately 1 hour
and 15 minutes.

Results

The mean presentation time for visual stimuli was 33 ms. Across all conditions.
the proportion of correctly identified stimuli was (.80 (SD = 0.04). First, the
specific effects of the presentation of a low- or high-pitched tone on the identifi-
cation of a left- or right-pointing arrow were analysed. The identification
accuracy was computed for the two combinations of a low-pitched tone with a
left-pointing arrow, and of a high-pitched tone with a right-pointing arrow.
Additionally, the identification rates for the visual stimuli were computed for
the remaining two combinations of a low-pitched tone with a right-pointing
arrow, and of a high-pitched tone with a left-pointing arrow. The resulting
proportions of correct judgements, which are depicted in Figure 4, were
analysed as a function of these two tone—arrow relationships and of the SOA.
The ANOVA revealed a significant main effect of SOA. F(3, 33) = 33.73.
p < .001. Furthermore. the main effect of tone—arrow relationship was also
significant, F(1, 11) =7.51. p = .019. The latter result means that the com-
binations of a low-pitched tone with a left-pointing arrow and of a high-pitched
tone with a right-pointing arrow led to signiticantly inferior identification
performance (M = ().77) than did the two alternative combinations (M = ().81).
The two-way interaction was not significant (F < 1),

In a second analysis, the unspecific effects were examined for the presence
or absence ot a low- or high-pitched tone on the identification ot a lett- or right-
pointing arrow. The identification rates for the visual stimuli were computed
tor all possible combinations of a low- and high-pitched tone with a left- or
right-pointing arrow (the filled and unfilled circles in Figure 4), and they were
compared with identification performance in the absence of a tone (the filled
triangles in Figure 4). This was done in a two-factorial ANOVA with tone
(present or absent) and SOA (50, 150, 300, or 500 ms). The main effect of SOA,
F(3,33)=19.36, p <.001, was significant, whereas the main effect of tone was
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Figure 4. Results from Experiment 3. Mean proportion of correctly identified visuval stimuli (with
standard errors between participants) as a function of three combinations between the presence or
absence of irrelevant tones and the visual stimuli (low-pitched tone/left-pointing arrow and high-
pitched tone/right-pointing arrow; low-pitched tone/right-pointing arrow and high-pitched tone/left-
pointing arrow; left- and right-pointing arrow without tone), and the tone—arrow SOA. Each data pointis
based on 360 observations.

not (F < 1). The main eftect of SOA means that—across all tone conditions—
identification accuracy for the SOA of 50 ms (M= 0.70) was worse than forthe
remaining three SOAs of 150 ms (M = (.83), 300 ms (M = 0.82), and 500 ms
(M = 0.84). The interaction between tone and SOA, F(3,33)=23.51, p<.001.
was also significant, which reflects the significant effect of SOA on identifica-
tion performance when a tone had been presented (see earlier). The SOA had.
however, no etfect on identitfication performance when no tone had been
presented.

Discussion

The most important finding was the specific interference effect between the
presentation of a tone and the identification of a visual stimulus. A left arrow
was 1dentified less frequently when it was presented with a low tone than when
it was paired with a high tone. In contrast, a right arrow was identified less
trequently when it was presented with a high tone than when it was paired with
a low tone. In contrast to the previous experiments, this effect was observed



with task-irrelevant tones. Thus, the pure presentation of the low—high tone
seems to be sufficient to specitically aftect the encoding of a left—right arrow-
head. This finding presents evidence that the blindness effect observed in
Experiments 1 and 2 was modulated by a tone—arrow interference.

A possible interpretation of the specific tone—arrow interference is that
when a low (high) tone is presented. it is preferably associated with a lett (right)
spatial orientation and this affects the identification of a left (right) stimulus.
These preferences are in line with Mudd’s (1963) observation that low tones
were preferably associated with left than with right positions, and that high
tones were preferably associated with right than with left positions. In addition.
these preferences are similar to the results reported by Lippa (1996a. b) and by
Weeks and Proctor (1990), who found that in choice reaction-time tasks
observers prefer to associate visual stimuli presented below a fixation point
with left responses and stimuli presented above a fixation point with right
responses. The specific tone—arrow interference effect observed in the present
experiment suggests that not only a feature overlap between a response and a
visual stimulus leads to performance decrements, when the visual stimulus has
to be encoded during the execution of the compatible response. Rather. also the
existence of an association between the features of a tone and the features of a
visual stimulus seems to be able to create similar performance decrements. We
return to this point in the General Discussion.

In addition to producing the specific ettect. the presentation of a low or a
high tone seemed to produce both an unspecific impairment in identification
performance at the 50 ms SOA and an unspecific tacilitation at the remaining
SOAs. This conclusion should, however, be examined caretully. Any propor-
tion correct value above or below the no-tone control cannot be unequivocally
interpreted as impairment or as facilitation. Forexample, it the tone served as a
warning signal for all SOAs of 150 ms and longer (ct.. Bertelson, 1967
Bertelson & Tisseyre, 1968). and thus improved visual identification generally,
then the identification rate at the 50 ms SOA had to be below the no-tone
control due to the adjustment procedure of presentation time (ct., Footnote 1).
So it 1s unclear whether there was an improvement at the longer SOAs. or an
impairment at the shorter SOA, or both.

Given that the encoding of visual stimuli at the 50 ms SOA was actually
impaired, such an impairment seems to be inconsistent with recent observa-
tions by Jolicoeur (1999b). This author had his participants to monitor a stream
of briefly presented visual stimuli (letters) for the presence of a target stimulus.
The visual target letter tollowed a low or a high tone with a variable SOA.
When the tones required a speeded lett or right keypress. the accuracy in letter
detection suffered markedly. showing unspecitic response—arrow interference.
When the tones required no response. no deficit was observed in the visual
task. Thus. whereas to-be-ignored low or high tones did not atfect concurrent
visual encoding in Jolicoeur’s (1999b) study. we found such an unspecitic



impairment in the present experiment. There are two possible explanations for
this discrepancy. First. different temporal relationships between the to-be-
ignored tones and the visual stimuli in the two studies might account for the
different results. In Jolicoeur’s (1999b) study. the tones were presented for
100 ms and the shortest SOA was 100 ms. Thus, even for the shortest SOA,
there was no concurrent presentation of tones and visual stimuli. In the present
experiment, the tones were presented for 150 ms and outlasted the presentation
of the visual stimuli at the shortest SOA of 50 ms. Thus, the early impairment of
visual encoding in our experiments might be due to the concurrent presentation
of a tone (via headphones). whereas there was no concurrent presentation of
tones and visual stimuli in Jolicoeur’s (1999b) experiment. Second. the
existence or non-existence of associations between the to-be-ignored tones and
the visual stimuli might also account for the discrepant results. The observation
of the specific tone—arrow interference in the present experiment was explained
by automatically associating “low™ with “left” and “high™ with “right” (see
previously). It is possible that the association process, which led to the specific
interference effect, also caused the (short-lasting) unspecific interference
etfect. In contrast. there are most likely no associations between low and high
tones and the letters “X™ and Y™, which were the target letters in Jolicoeur’s
(1999b) study. Thus. the lack of associations between the tones and the letters
might explain the absence of an unspecific interference etfect. Experiment 4
examined the question. whether the unspecific interference eftect observed in
the present experiment is more likely due to the concurrent presentation of tone
and visual stimuli or to the existence of associations between features ot the
tones and features of the visual stimuli.

EXPERIMENT 4

The major aim of the present experiment was to test, whether the to-be-ignored
tones in Experiment 3 caused unspecitic impairments in the encoding of simul-
taneously presented visual stimuli because of their simultaneous presentation
or because of associations between tones and visual stimuli. Theretfore, in
Experiment 4, two short tones and one long tone of the same frequency were
used as the to-be-ignored auditory stimuli. which were presented before the
presentation of a to-be-identified left- or right-pointing arrowhead. We
assumed that there were no preferred associations between two short tones or
one long tone with either “left” or “right”. Accordingly. no specific tone—arrow
Interference was expected in Experiment 4. If the tones in Experiment 4 caused
unspecitic impairments in the concurrent processing of visual stimuli without
causing specific interference, then the unspecific impairments observed in
Experiment 3 can be mainly attributed to their simultaneous presentation, and
not to the activation of specific associations. The opposite interpretation would



be suggested. however, if the tones in Experiment 4 caused neither specitic
impairments, nor unspecific impairments on the concurrent processing of
visual stimuli. In addition. the demonstration that two short tones and one long
tone do not specifically affect the encoding of left- and right-pointing arrows is
important tfor the use of these tones as response cues in Experiment 5.

Method

Participants.  Twelve paid volunteers (five females, seven males: aged
21-28 years) took part in the experiment. All of them reported to be right
handed and to have normal or corrected-to-normal vision. None had partici-
pated in Experiments 1-3.

Apparatus and stimuli.  The apparatus and the visual stimuli were the same
as in Experiment 3, except that now a Macintosh Quadra was used to control the
experiment. The major difference between the present experiment and Experi-
ment 3 was that the low-pitched and the high-pitched tone, used as auditory
stimuli in Experiments 1-3, were replaced by one long tone presented for
150 ms and two short tones presented for 50 ms each with an inter-stimulus
interval of 50 ms. These tones had an equal pitch of 600 Hz and were again
presented concurrently to both ears.

Procedure and design. The procedure was the same as in Experiment 3.,
except that different auditory stimuli were used as distracters. In the present
experiment, after a blank interval of 1000 ms either a long tone of 600 Hz. two
short tones of 6(0) Hz, or no tone was presented with equal probability. As in
Experiment 3, participants did not have to respond to the tones and were told
that these tones were task-irrelevant.

Two independent variables were crossed in a 3 x 4 within-participants
design. The first factor was the relationship between the three tone conditions
and the two visual stimuli. The six possible combinations were grouped to form
three levels of this factor in the following way. The first level consisted of the
two combinations of no tone and the presentation of a left- or right-pointing
arrowhead. The second level consisted ot the two combinations of a long tone
with a left-pointing arrow and of two short tones with a right-pointing arrow.
The third level consisted of the two combinations of a long tone with a right-
pointing arrow and of two short tones with a left-pointing arrow. The second
tactor was the SOA between the tone and the visual stimulus, with the
tour levels 50, 150, 300, and 500 ms. As in Experiment 3, it was planned to
separately test for the unspecific effects and for the specific effects of the
presentation of one long tone or two short tones on the identification of a lett- or
right-pointing arrow.



Results

The mean presentation time for visual stimuli was 34 ms. Across all conditions.
the proportion of correctly identitied visual stimuli was 0.80 (SD = 0.05). In a
tirst analysis. the specific effects of the presentation of a long tone or two short
tones on the identification of a left- or right-pointing arrow were examined.
Theretore. visual identification accuracy was computed tor the two combina-
tions of one long tone with a left-pointing arrow and of two short tones with a
right-pointing arrow. In addition, visual identification accuracy was computed
tor the remaining two combinations of one long tone with a right-pointing
arrow and of two short tones with a left-pointing arrow. The resulting propor-
tions of correctly identified visual stimuli, which are depicted in Figure 5, were
analysed as a function of the two tone—arrow relationships and ot the four
SOAs. An ANOV A revealed a significant main etfect of SOA. F(3,33)=2.93,
p = .048, which reflects lower identification accuracy for the SOAs of 50 and
150 ms (both M = 0.82) than for the SOAs of 300 (M = 0.86) and 500 ms
(M = 0.84). This effect can be explained by assuming that the tone served as
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Figure 5. Results from Experiment 4. Mean proportion of correctly identified visual stimuli (with
standard errors between participants) as a function of three combinations between the presence or
absence of irrelevant tones and the visual stimuli {one long tone/left-pointing arrow and two short
tones/right-pointing arrow; one long tone/right-pointing arrow and two short tones/left-pointing arrow;
left- and right-pointing arrow without tone), and the tone—arrow SOA. Each data point is based on 360
observations.



warning signal for the occurrence of the visual stimulus, but that participants
needed more than 150 ms to effectively use this information (cf., Bertelson,
1967 Bertelson & Tisseyre, 1968). More important, however. neither a main
effect of the tone—arrow relationship nor an interaction of this factor with SOA
was observed (both F < 1). Thus, these results confirmed the prediction that the
pure presentation of a long tone or of two short tones can not specifically aftect
the identification of the arrows.

In the second part of the analysis, the unspecific effects of the presence
or absence of a long tone or of two short tones on the identification ot a left- or
right-pointing arrow were analysed. Therefore, the proportions of correctly
identified visual stimuli were computed across all possible combinations of a
long tone or two short tones with a left- or right-pointing arrow (the tilled and
untilled circles in Figure 5) and compared with the identification rates of visual
stimuli when no tone had been presented (the filled triangles in Figure 5). This
was done in a two-factorial ANOV A with tone (present or absent) and SOA
(50, 150, 300, or 500 ms) as within-participant factors. The main effect of
SOA was not significant (F < 1), but there was a significant main effect of tone,
F(l1.11)=28.20, p<.001. The presentation of a tone improved visual identifi-
cation accuracy (M= ().84), as compared to the performance in the absence of a
tone (M = (.77). The two-way interaction between tone and SOA was also
significant, F(3, 33) = 3.12, p = .039. This interaction is due to a significant
effect of SOA on identification performance when a tone had been presented
(see earlier). whereas the SOA had no etfect on identification performance in
the absence of a tone, F(3, 33) = 1.14, p = .348. In other words, the positive
effect of tone presentation on visual encoding increases with increasing SOA.,
as compared to the no-tone condition.

To examine the possibility that the absence ot a specific tone—arrow interfer-
ence in the present experiment would also reduce the unspecific effect as
compared to Experiment 3, the identitication rates from trials with tone presen-
tation entered into a two-way ANOV A with the factors experiment and SOA.
This analysis revealed significant main effects of experiment, F(1, 22)=5.76,
p=.025.and SOA. F(3.66)=30.82. p<.001. and—more important—a signiti-
cant interaction between both factors, F(3.66)=22.69, p<.001. For the 50 ms
SOA., the identification rate was higher in the present experiment (M = ().82)
than in Experiment 3 (M = 0.60). whereas the identification rates were very
similar for the other SOAs.

Discussion

The mere presentation of one long tone or two short tones exerted neither a
specific nor an unspecific (negative) effect on the visual encoding of left- or
right-pointing arrowheads, even when the tones and the visual stimuli over-
lapped in time. This result suggests that the early deficit in visual encoding in



Experiment 3 was not due to the concurrent presentation of low or high tones
and left- or right-pointing arrowheads. Instead. it suggests that specific associa-
tions between these tones and these visual stimuli were also responsible for the
unspecific interference effect. These associations are automatically activated
by the presentation of a tone (e.g.. a low tone). and atfect both the encoding of
the associated stimulus (left-pointing arrow), as well as the encoding of the
non-associated stimulus (right-pointing arrow). A more detailed account is
presented in the General Discussion.

The results of Experiment 4 are consistent with the findings of Jolicoeur
(1999b), who also observed no (negative ) ettect from to-be-ignored low or high
tones on visual encoding of letters. Together, the findings suggest that there is
no unspecific cross-modal interference etfect when there are no specific associ-
ations between the to-be-ignored tones and the to-be-encoded visual stimuli.
We conclude that there are no specitic associations between long or short tones
with “left” or “right”, because no specific interference was observed in the
presentexperiment. In addition, it is very unlikely that there are specific associ-
ations between low or high tones and the letters X" or Y™ (Jolicoeur. 1999h).

The finding that the tones used in the present experiment were unable to
specifically atfect visual encoding ot left- or right-pointing arrowheads was
important for the next experiment. In Experiment 5, one long tone and two short
tones were used as cues in the response task, in order to demonstrate the blind-
ness effect without modulations through a tone—arrow interference.

EXPERIMENT 5

After the successtul demonstration of the tone—arrow interference in the
absence of a response task in Experiment 3. the present experiment aimed to
isolate the response—arrow interference (i.e., the “original™” blindness effect) in
the absence of a modulation by a tone—arrow interference. Therefore, the
response cues used in Experiments 1 and 2 were replaced by one long tone and
two short tones. On the basis of the results of Experiment 4, it was assumed that
these response cues do not differ in their relationship to the spatial left/right
dimension of the arrows.

Method

Participants. Sixteen paid volunteers (nine females, seven males: aged
19-34 years) took part in the experiment. All participants reported to have
normal or corrected-to-normal vision:; only one declared to be lett handed.
None had participated in Experiments 1—4.

Apparatus and stimuli.  The apparatus and the visual stimuli were the same
as in Experiment 1. except that now a Macintosh Quadra was used to control the



experiment. The major difference between the present experiment and Experi-
ment 1 was that the low-pitched and the high-pitched tone, used as auditory
stimuli in Experiment 1. were replaced by one long tone presented for 150 ms
and two short tones presented tor 50 ms each with an inter-stimulus interval of
50 ms. These tones had an equal pitch of 600 Hz and were again presented
concurrently to both ears via headphones.

Procedure and design.  The procedure of Experiment 5 was identical to the
procedure of Experiment 1. except that one half of the participants had to press
the left key to one long tone and the right key to the short tones. For the other
halt of the participants, the mapping rule was inverted. As in Experiment 1, the
compatibility between the responses and the visual stimuli, as well as the SOA
between the tones and the visual stimuli, were varied within participants,
whereas the mapping between tones and responses was varied between partici-
pants. Thus, the present experiment was based ona 2 x 2 x 5 mixed design.

Results

Response task.  Across all conditions and participants, less than 4% of the
reaction times exceeded the criterion of 1000 ms. The error percentage had a
grand mean of 5.3% (SD = 2.8). The error percentages were analysed in an
ANOVA with the between-participants factor mapping (two levels), the
within-participant factors compatibility (two levels), and SOA (five levels). As
in Experiment 1, the only significant effect was the main effect of SOA, F(4,
56) = 2.95, p = .028, according to which the percentage of false responses
increased with decreasing SOA.

The mean correct reaction time across all conditions was 491 ms (SD = 79).
A corresponding ANOV A revealed no significant effect.

Identification task. The mean presentation time for the visual stimuli was
44 ms in the group with the tone-response mapping “one tone—left” and “two
tones—right™; and it was 34 ms in the group with the mapping “one tone—right”
and “two tones—left”. The difference of 10 ms was not significant, # 14)= 1.37,
p > .10 (two-tailed). Across all conditions, the proportion of correctly identi-
tied visual stimuli was 0.76 (SD = 0.05). Figure 6 depicts these proportions as a
tunction of all possible combinations of the different levels of the factors
compatibility and SOA.

The proportions of correctly 1dentified visual stimuli were analysed in an
ANOV A with the between-participant tactor mapping (two levels), the within-
participant factors compatibility (two levels), and SOA (five levels). This
ANOVA revealed the same pattern of main effects as did the ANOVA in
Experiment 1. The main etfect of mapping was not significant, F(1, 14)=2.96,
p =.108. However, the main effects of SOA, F(4, 56) =7.37, p < .001, and of
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Figure 6. Results from the visual encoding task in Experiment 5. Mean proportion of correctly
identified visual stimuli (with standard errors between participants ) as a function of the response—arrow
compatibility (compatible vs incompatible) , and the tone—arrow SOA. Each data point is based on about
950 observations .

compatibility, F(1, 14) = 8.79. p = .010. were significant. The effect of SOA
reflects the observation that identification accuracy increased when the SOA
increased: There was a difference of (.10 between the identification accuracy
tor the shortest SOA of 50 ms (M =0.71) and the identification accuracy for the
longest SOA of 1000 ms (M = (.81). The etfect of compatibility was due to
the fact that response-compatible stimuli (M = (.75) were identified less
accurately than response-incompatible stimuli (M = 0.78). Importantly, and in
contrast to the results of Experiment 1, none of the interactions between the
tactors mapping, compatibility, and SOA was significant (all F < 1).

Discussion

In line with our original expectations, the blindness to response-compatible
stimuli was observed in the present experiment in the absence of the modula-
tion by the tone-arrow interference in Experiments | and 2. Theretfore, the
present finding is highly similar to the response—arrow interference already
observed with previous—non PRP—tasks (e.g.. Miisseler & Hommel. 1997a).
However. in contrast to the previous studies, the present finding demonstrates




that the blindness effect is not restricted to situations in which the response has
to be withheld before or during stimulus encoding.

Moreover, Experiments 3 and 5 provide indirect evidence tor our interpreta-
tion of why the blindness effect occurred only for one of the two alternative
tone—response mappings in Experiments 1 and 2. The assumption was that in
these experiments two different kinds of interference had converged in the
low—lett and high—right tone—response mapping. but had nullitied each other in
the low—right and high—left mapping. Experiments 3 and 5 demonstrated the
tone—arrow interference and the response—arrow interference independently
trom each other: thus, these two interterences could have interacted in Experi-
ments | and 2. We present an account for these interference effects in the
General Discussion.

Finally. Experiment 5 revealed evidence for an unspecific response—arrow
interference etfect: The greater the temporal overlap between the speeded
response task and the visual encoding task, the worse was overall performance
in the encoding task. We found a performance decrement of 6% between the
SOAs of 50 and 500 ms, which is very similar to the performance decrement
that Jolicoeur (1999a, Exp. 2) has observed (about 5% between the SOAs of 50)
and 600 ms). But because there was no neutral condition in Experiment 5, it is
not for sure that this unspecific effect actually represents costs. Experiment 4
showed that the presentation of short or long tones can improve performance in
a concurrent visual encoding task. compared to visual encoding in the absence
of a tone, and that this improvement increased with the SOA. Our interpretation
of this result was that the tone served as a warning signal for the occurrence of
the visual stimulus. It is unlikely, however. that the tones could be used as
warning signals in Experiment 5. when the participants had to respond ¢
quickly as possible to the tones. Moreover. Experiment 4 showed no evidence
that the mere presentation of short or long tones can impair concurrent visual
encoding. Thus. the decrease in visual performance with decreasing SOA inthe
present experiment is most likely a cost at short SOAs that is caused by the
concurrent preparation of a motor response.

==

8

GENERAL DISCUSSION

The major aim of the present study was to investigate the conditions under
which processing in a motor (response ) task specifically interteres with concur-
rent processing in a visual encoding (identification) task. From such studies it
may be possible to learn more about the representations and/or processes in
which response preparation and perception overlap.

Such previous studies have demonstrated unspecific impairment ot visual
encoding when the participants were simultaneously engaged in a speeded
choice—response task (e.g., Jolicoeur, 1999a; De Jong & Sweet, 1994). From



these studies. however, it remained unclear to which degree the inability to
tully prepare for two tasks at the same time has contributed to the observed
unspecific impairment. Instead of an interference at the visual encoding phase,
the impairment could also have originated tfrom a procedural interference, due
to some limited multi-purpose capacity.

Other studies have demonstrated specific impairment of visual encoding
when the participants were simultaneously engaged in an unspeeded choice—
response task. The finding was that the preparedness to execute a left or
right keypress or the execution itself impaired the concurrent encoding of a
response-compatible visual stimulus. In these studies, however, the execution
of the response had to be postponed (suppressed) either until a neutral response
had been performed (e.g.. Miisseler & Hommel, 1997a) or until a “go™ signal
had occurred (e.g.. Wiithr & Miisseler, 2001). Thus, it was unclear whether
the blindness effect originated from the preparation ot the response., or from the
withholding of the response. In order to test this issue in the present experi-
ments, the participants performed keypresses to a tone as quickly as possible
and 1dentified left- or right-pointing arrowheads presented in between. In
addition to the compatibility between the response and the visual stimulus, the
SOA between the tone and the visual stimulus was systematically varied in
order to investigate when—it at all—the blindness etfect emerges in respect to
the processing in the response task.

There were four major tfindings. The first finding was that speeded left or
right keypresses unspecifically interfered with the encoding of brietly
presented visual stimuli (Experiments 1, 2, and 5). The identification of stimuli
presented during the preparation and execution of the responses was worse
compared to the identification of stimuli after the execution of the responses,
irrespective of the compatibility between responses and visual stimuli. This
unspecific response—stimulus interference was even observed at SOAs
between tones and visual stimuli, at which possible (direct) stimulus—stimulus
interferences were unlikely to play a role (SOAs 2150 ms). This finding repli-
cates the earlier findings reported by De Jong and Sweet (1994) and Jolicoeur
(1999a).

Second. a speeded left or right keypress did also specitically interfere with
the encoding of the briefly presented visual stimuli (Experiments 1, 2, and 5).
The speeded preparation and execution of responses caused inferior identifica-
tion performance for response-compatible stimuli compared to response-
incompatible stimuli. This finding shows that the blindness etfect 1s not
restricted to situations in which the response has to be withheld before or during
stimulus encoding. In the present experiments, in which the response had to be
performed as quickly as possible to the tones, the blindness effect seemed to
grow during the processing of the response task and to peak around response
execution. Thus, neither an abrupt onset of the blindness etfect was observed
nor was the blindness effect preceded by a briet period of superior



identification of response-compatible stimuli. However. superior identifica-
tion could be expected under certain assumptions, which are discussed later.

Third. a particular set of auditory stimuli was able to specifically interfere
with the encoding of briefly presented visual stimuli (Experiment 3). In partic-
ular, the encoding of a left-pointing arrow was inferior when it followed a low-
pitched tone than when it followed a high-pitched tone, whereas the encoding
of aright-pointing arrow was inferior when it followed a high-pitche d tone than
when it followed a low-pitched tone. In contrast to this specific tone—arrow
interference. the identification of a left- or right-pointing arrow was not ditfer-
entially atfected by the presentation of a long tone or two shorttones, with equal
pitch (Experiment 4).

Fourth, the specific tone—arow interference modulated the specific
response—arrow Interference when the task allowed both interferences to
occur simultaneously (Experiments 1 and 2). That 1s, a (response-compatible)
left-pointing arrow was identitfied less well than a (response-incompatible)
right-pointing arrow when a left key was pressed to a low-pitched tone. but
not when the left key was pressed to a high-pitched tone. Correspondingly.
a (response-compatible) right-pointing arrow was identified less well than a
(response-incompatible) left-pointing arrow when a right key was pressed to
a high-pitched tone. but not when the right key was pressed to a low-pitched
tone.

Before we turn to our explanation of these findings, a few comments on the
time course of the blindness effect observed in the present experiments seem to
be appropriate. Of course, these comments are only based on qualitative obser-
ations because we never found a significant two-way Interaction between
compatibility and SOA. and—therefore—did not perform post hoc compari-
sons on the data. However, it may be interesting to note that in all of the present
dual-task experiments, the blindness effect was numerically greatest for the
SOA of 500 ms, when the visual stimulus was presented most closely to
response execution (mean reaction times of the Experiments 1. 2, and 5 were
466 ms, 474 ms, and 491 ms, respectively). This observation suggests that the
better prepared the response the stronger the blindness to response-compatible
stimuli. This suggestion is supported by the results of more recent experiments.
in which the participants identified left- and right-pointing arrows while they
performed a compatible or an incompatible response, or while they performed
one of two neutral responses. We observed a significant disadvantage to identi-
tying response-compatible stimuli compared to the neutral conditions only for
the medium SOA of 400 ms, which again was closest to response execution
(Miisseler & Wiihr, 2001). Thus, the preparation and execution of a speeded
response produces costs in the encoding of com patible stimuli that peak around
response execution. By contrast, the blindness etfect was clearly diminished at
the 1000 ms SOA in two out of three of the present dual-task experiments. Only
in Experiment 1, the blindness effect seemed to be still large for the 1000 ms



SOA. However. this might be due to the possible additivity of the two specific
interference ettects, the tone—arrow and the response—arrow interference, in
this experiment.

In the following section, it is discussed how well the two-stage model of
action planning, proposed by Stoet and Hommel ( 1999; see also Hommel et al..
in press; Miisseler, 1999), is able to account for the different findings of the
present study.

The two-stage account of action planning

The two-stage model of action planning (Stoet & Hommel, 1999) has been
proposed to explain specific interference effects between different sets of
concurrently performed tasks. The model rests on two basic assumptions. The
tirst assumption is that features ot to-be-perceived stimuli and features of to-
be-performed responses are represented by the same cognitive codes (cf.,
Hommel, 1997; MacKay, 1987; Miisseler & Prinz, 1996). For example, the
identity of a to-be-perceived left-pointing arrow and the position of a to-be-
performed lett keypress are represented by accessing the same cognitive LEFT
code. This common-coding assumption (Prinz, 1990, 1997) allows the model
not only to account for specific interference effects between the processing of
two different stimuli or between the processing of two ditferent responses
(Stoet & Hommel, 1999). but also to account tor specific interference effects
between the processing of a response and the processing of a stimulus. Any of
these interference effects is interpreted as a crosstalk due to structural overlap.

The second basic assumption of the two-stage model 1s that the formation of
any cognitive representation of a stimulus or of a response takes place in two
successive steps. During the first stage. the features of a perceived stimulus or
of a to-be-performed response are activated. However, if more than one
stimulus 1s simultaneously present or it more than one response is to be
performed, the activation of feature codes does not allow to distinguish
between different stimuli and/or responses. This fact 1s known as the “binding
problem” (cf.. Treisman. 1996). Theretore, the already activated feature codes
that belong to one and the same stimulus or response are bound together, that is,
during the second stage of processing, these codes are integrated into an event
file. Stoet and Hommel (1999) claimed that if the contents of two tasks, which
have to be processed in parallel, overlap in at least one of their features, the
performance in the second task critically depends on the temporal relationship
between the processing in both tasks. If the overlapping feature code is just
activated by the processing in the first task, then processing (of that teature) in
the second task should be facilitated. If, however, the overlapping feature code
1s already bound by the processing in the first task, then processing (of that
teature) in the second task should be hampered.



Originally, the two-stage model was applied to account for specitic
response—response Interference effects (ctf., Stoet, 1998; Stoet & Hommel,
1999). However, this model can also be applied to account for the blindness
etfect. a case of specific response—stimulus interference. The explanation is, for
example. that when the LEFT feature code is already bound into the plan for a
left response, this feature code is not available for the encoding and representa-
tion of a left stimulus (cf., Hommel et al., in press; Miisseler, 1999; Stoet &
Hommel. 1999). Correspondingly. the blindness effect should emerge as soon
as the preparation of the response has begun and should continue until this
response 1s finally executed.

A very similar explanation can account for the specific tone—arrow interfer-
ence, as it was observed in Experiment 3. Because there is no direct feature
overlap between a low-pitched tone and a lett response. or between a high-
pitched tone and a right response. it has to be assumed that the feature codes of
LOW and LEFT. as well as the feature codes of HIGH and RIGHT, are more
strongly associated than the feature codes of LOW and RIGHT, or the feature
codes of HIGH and LEFT. This assumption is supported by observations of
corresponding spatial stereotypes associated with the pitch of tones (Mudd.
1963). and by observations of orthogonal stimulus—response compatibility
effects between visual stimuli that varied in their vertical positions (up vs
down) and left or right keypresses (e.g.. Lippa. 1996a, b; Weeks & Proctor.
1990). If, for example. a low-pitched tone is presented. the LOW code and the
assoclated LEFT code are both activated and—at least sometime s—are bound
together automatically. As a consequence, the encoding and representation of a
left stimulus. presented after the low-pitched tone. is impaired because the
LEFT feature code is already bound into a representation of the tone. This
explanation implies that not only the teature codes ot physical properties of a
stimulus are bound into its representation (an event file), but also the feature
codes of semantic properties of that particular stimulus.

Now, let us turn to the interaction between the specific tone—arrow interfer-
ence and the specific response—arrow interference, as observed in Experiments
| and 2. In these experiments, the participants performed a lett or right response
to the low-pitched or the high-pitched tone, while a visual stimulus had to be
identitied. In such a situation, one can assume that the low-pitched or the high-
pitched tone is processed on two different routes, one route being automatic
and (mainly) instruction-independent, and the other route being controlled and
instruction-dependent (ct., De Jong, Liang, & Lauber, 1994; Eimer, Hommel,
& Prinz, 1995; Kornblum, Hasbroucq, & Osman, 1990).

The consequences tor the mapping “low tone—left response vs high tone—
right response™ are the following. When, for example, a low tone is presented,
the feature code LOW activates the feature code for LEFT automatically,
because LOW and LEFT are associated (see earlier), but simultaneously the
code LEFT is activated on a second, controlled route, because the instruction




demands for a left response. Thus, in this case, the activation via two ( parallel)
routes converges on the same (LEFT) code. which results in a fast and strong
binding of this code into the representation of the response. which means that
the encoding of the response-compatible (left) stimulus 1s impaired. whereas
the encoding of the response-incompatible (right) stimulus is not affected. As a
result, a strong blindness effect can be observed.

A different situation emerges for the mapping “low tone—right response vs
high tone—left response™. When, for example. a low tone is presented. the
teature code LOW again activates the associated feature code for LEFT
automatically, but now—according to the instruction—the code RIGHT is
activated on the second. controlled route. The result of this divergent activation
of both the LEFT and the RIGHT code is that the LEFT code is—at least
sometimes—integrated (bound) into a representation of the tone and that the
RIGHT code is always integrated (bound) into a representation of the response.
The consequence is that this tone-response mapping leads not only to an
impairment of encoding the response-compatible (right) stimulus but also to
an impairment of encoding the response-incompatible—but tone-associated—
(left) stimulus. As a result, the blindness effect 1s diminished.

Finally, the two-stage model 1s also able to account for the etfects of
unspecitic response—stimulus interference (e.g.. Experiment 5: Jolicoeur.
1999a). The explanation would be that the process of binding feature codes in
one task unspecifically interferes with the concurrent binding of different
teature codes in a second task. That is, the preparation of a left response, for
example, would also interfere with the encoding of a right stimulus, because in
both tasks binding processes have to take place which unspecitically interfere
with each other. This explanation is in accordance with the observation that not
only the preparation of responses impaired the encoding of visual stimuli, but
also the other way round, that is, the encoding of stimuli also impaired the prep-
aration of responses. This was indicated by the increasing error rates in the
response task with decreasing SOA, a finding also reported by Jolicoeur
(1999a). The present explanation of unspecific response—stimulus interference
1s similar to that proposed by Jolicoeur (1999a), because both accounts claim
that some process of consolidation of visual stimulus information is impaired
by concurrent processing. However. the present account is more precise in
localizing the source of that interference. This source is seen in the binding of
teature codes in the course of preparing a response. whereas Jolicoeur (1999a.
p. 608) localizes this source in “central processing requiring to perform Task,.
perhaps response selection™.

However, there 1s one feature of the present data, which 1s—at first glance—
at odds with the predictions of the two-stage model. The two-stage model
predicts that during the first stage of processing. that is the activation of feature
codes, the processing in a concurrent task should benefit, if there 1is
teature overlap between the contents of both tasks. Accordingly. the observed




impairment in the identification of response-compatible stimuli at intermediate
SOAs should have been preceded by an early facilitation in the identification
of response-compatible stimuli at short SOAs. This, however, was never
observed, even not in Experiment 5, in which early tone—arrow interference
should not have played a role.

There 1s one possible explanation tor this tailure to find early facilitation in
the identification of response-compatible stimuli. as predicted by the two-stage
model. This explanation localizes the source of this failure in the fact that only
auditory stimuli were used as response cues in the response task. It i1s well
known, however, that auditory stimuli are processed significantly faster than
visual stimuli (cf.. Welch & Warren, 1986, for an overview on this topic). This
means that the actual tone—arrow SOAs 1n the present experiments rather
underestimate the lead in the processing of tones compared to the processing of
visual stimuli. As a consequence, even for an SOA of 50 ms between tones and
visual stimuli, binding could already have begun in the response task when the
processing of the visual stimulus 1s starting. One implication of this post hoc
explanation is that early facilitation in the identification of response-compat-
ible stimuli should be observed in a situation. in which the processing of the
response cues 1s slowed down, for example by using visual response cues. In a
recent series of experiments, we obtained evidence for this hypothesis to be
correct (Miisseler & Wiihr. in press).

The present findings and the relationship
between perception and action

The tindings of the present study suggest not only that perception and action
might (partially) operate on common cognitive representations but also that
some similarities might exist between perceptual encoding and response
preparation. It was not only found that the preparation of a (manual) response
can affect the visual encoding of a response-compatible stimulus in a specific
way, but also that the processing of an auditory stimulus can affect the visual
encoding of a tone-associated visual stimulus in a similar way. In addition, it
was observed that the processing of a tone and the preparation of a response
interacted in their specific influence on the encoding ot a visual stimulus. That
1s. the impairment in encoding a tone-associated visual stimulus and the impair-
ment in encoding a response-compatible stimulus could either amplity or
nullity each other, depending on the tone—response mapping in the response
task that had to be performed simultaneously with the visual encoding task.
In particular, the interaction between the specific tone—arrow interference
effect and the specific response—arrow interference etfect supports the notion
of a cognitive domain in which the features of stimuli and the features of
responses are represented in a supramodal format (cf.. MacKay. 1987: Prinz.
1990). Moreover. the similarity between the ways in which the processing of a



tone can atfect the encoding ot a tone-associated visual stimulus and in which
the preparation of a response can affect the encoding of a response-compatible
visual stimulus suggests that similar processes might be involved in perception
and in response preparation. In particular, it was assumed that the processes of
activating and binding cognitive representations (feature codes) were involved
in stimulus encoding and in response preparation (ct., Hommel et al.. in press;
Stoet & Hommel. 1999). The binding of feature codes associated with a tone
and the binding of a feature codes associated with a response both lead to
similar impairments in encoding a visual stimulus that possesses a feature,
whose code 1s already bound. Thus. perception and action might have more in
common than has often been assumed.
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