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Abstract
Previous evidence suggests that people “hear” visual stimuli when encoding temporal information. This suggestion is based 
on the observation that auditory distractor information can strongly affect discrimination performance for visual temporal 
sequences. The present study aimed to replicate and extend this finding by investigating sequence discrimination within 
and across the two modalities. In two experimental series, participants judged whether two subsequently presented tem-
poral sequences, a standard sequence followed by a comparison sequence, were identical or not. In Experimental Series 
A, irrelevant distractor information was presented simultaneously with the standard sequence. In Series B, the distraction 
appeared in the retention interval between the standard sequence and the comparison sequence. The results showed that 
auditory distraction impaired performance irrespective of whether the target sequences were auditory or visual, whereas 
visual distraction only impaired the discrimination of visual target sequences. Furthermore, auditory distraction was always 
at least as effective as visual distraction, irrespective of standard modality. Generally, discrimination performance was much 
better for auditory than for visual sequences. Overall, the present results are consistent with the idea that people code visual 
temporal information in the auditory modality. Moreover, the present study also suggests that such cross-modal interference 
effects should be interpreted cautiously with respect to their underlying timing mechanism because of the basic differences 
in temporal sensitivity between the two modalities.
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Introduction

In the processing of temporal information, a dominance of 
auditory over visual stimulation can usually be observed 
(e.g., Bausenhart et al. 2014; Repp and Penel 2002; Burr 
et al. 2009; Fendrich and Corballis 2001; Ortega et al. 2014). 
This dominance supports the view that the auditory modality 
is most appropriate for the perception of temporal stimu-
lation (modality-appropriateness hypothesis, e.g., Welch 
and Warren 1980). A study by Guttman et al. (2005) tested 
this hypothesis, asking whether people might even “hear” 
the temporal structure of visual information (cross-modal 
encoding hypothesis, see also Bratzke et al. 2012; Kanai 

et al. 2011). In short, these authors observed that the encod-
ing of visual temporal sequences was strongly disrupted by 
concurrent auditory distractor information. They concluded 
that visual temporal information is obligatorily and auto-
matically encoded in the auditory domain.

Guttmann et al.’s (2005) study comprised three experi-
ments which all shared the basic procedure and the same 
participants. In each trial, two visual temporal sequences 
(a standard and a comparison sequence consisting of con-
trast reversals of gabor patches) of about 2-s duration were 
presented and participants had to discriminate whether the 
two sequences were the same or different. In Experiment 1, 
the two visual sequences were presented together with task-
irrelevant auditory information (sequences of 2-ms auditory 
clicks) which could be either congruent or incongruent with 
the visual sequence. Here, discrimination performance was 
strongly impaired when the irrelevant distractor informa-
tion was incongruent, and improved when it was congru-
ent, compared to a no-sound control condition. In Experi-
ment 2, the two visual sequences were presented only with 
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incongruent distractor information, both in the auditory and 
the visual modality. Specifically, the visual distraction con-
sisted of changes in the nature of the visual change defining 
the sequence (contrast reversal or 90◦ orientation change 
of gabor patches) between the two sequences, whereas the 
auditory distractor information was the same as in Experi-
ment 1. The results showed a much stronger impairment of 
discrimination performance due to the auditory than visual 
distraction. In Experiment 3, again only incongruent audi-
tory distractors were used and these were presented together 
with the standard sequence, the comparison sequence, or 
both sequences. The results showed that comparison perfor-
mance was most strongly affected by the auditory distractor 
information when it was presented together with the stand-
ard sequence, that is during the encoding of the standard 
sequence.

In our view, Guttmann et al.’s (2005) results cannot be 
interpreted as clear evidence for the cross-modal encoding 
hypothesis. First, their between-sequences manipulation of 
the visual distractors in Experiment 2 is not comparable with 
the manipulation of auditory distractors within the stand-
ard sequence in their other experiments (for a similar argu-
ment, see also Grahn 2012). It is possible, and in our view 
also very likely, that concurrent distraction as in the latter 
case is much more effective in disrupting or interfering with 
perception and encoding of the target information than the 
between-sequences distraction in the former case. Second, 
in the result section of their Experiment 1, Guttmann et al. 
refer to a follow-up experiment, in which participants had to 
discriminate auditory sequences in isolation, with congruent 
visual information, or with incongruent visual information. 
According to the authors, visual distraction had virtually no 
effect on the discrimination of the auditory sequences. The 
authors, however, do not report whether and, if so, how they 
controlled for the possibility that participants simply ignore 
the irrelevant information, which should be much easier for 

visual than for auditory stimulation (e.g., by closing the eyes 
or looking away from the stimulation).

In the present study, we, therefore, set out to more rigor-
ously test the cross-modal encoding hypothesis by employ-
ing the same basic paradigm as Guttman et al. (2005) but 
using (1) more comparable auditory and visual distractors, 
(2) varying target and distractor modalities (auditory vs. 
visual) orthogonally, and (3) controlling for the possibility 
that participants block out the irrelevant information. The 
present study comprised two series of experiments. In all 
experiments, participants had to discriminate two successive 
temporal sequences, which could be the same or different. 
In a first series of experiments (Experiments A1–3), the dis-
tractor information was presented together with the standard 
sequence (for example sequences, see Fig. 1). In a second 
series (Experiments B1–3), the distraction was presented 
in a retention interval between the standard and the com-
parison sequence. To prevent participants from blocking out 
the task-irrelevant information, catch trials were included 
in both series. Different types of visual and auditory stimuli 
were used to define temporal target and distractor sequences. 
Additionally, across the experiments, we varied the length of 
the target sequence (i.e., the number of frames), the duration 
of each frame, and the number of changes appearing within 
each sequence. In contrast to Guttmann et al.’s study, we 
also employed conditions in which the irrelevant informa-
tion was presented within the same modality as the target 
information. Table 1 gives an overview of the experiments 
in the present study. According to the cross-modal encoding 
hypothesis, especially the presence of auditory distractors 
should impair discrimination performance, and this impair-
ment should be relatively independent of target modality.

Table 1   Overview of the experiments in the present study

Experiment Experimental Series A Experimental Series B

A1 A2 A3 B1 B2 B3

Target modality Visual Auditory Auditory Auditory/visual Auditory/visual Auditory/visual
Distractor modality Auditory/visual Auditory/visual Auditory/visual Auditory/visual Auditory/visual Auditory/visual
Target type Shape Frequency Frequency Waveform/shape Waveform/shape Waveform/shape

Frequency/color Frequency/color Frequency/color
Distractor type Frequency/color Frequency/color Waveform/shape Waveform/shape Waveform/shape Waveform/shape

Frequency/color Frequency/color Frequency/color
Distraction Encoding Encoding Encoding Retention Retention Retention
Catch trials – 25% 25% 33.3% 33.3% 33.3%
Number of frames 17 17 17 17 9 9
Frame duration (ms) 100 100 140 100 100 180
Number of changes 8 8 8 8 4 4
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Experimental Series A: sequence 
discrimination with distraction 
during encoding

Experimental Series A comprised three experiments, which 
all employed task-irrelevant information presented together 
with the standard sequence. In all experiments of this series, 
the distractor information could be auditory or visual, 
whereas the target modality was always the same (visual in 
Experiment A1 and auditory in Experiments A2 and A3). 
In Experiment A3, the duration of each sequence frame was 
prolonged with the aim to especially increase the effect of 

visual distraction.1 As in Guttman et al.’s (2005) study, par-
ticipants were asked to compare the standard sequence with 
a comparison sequence and to judge whether both were the 
same or different.

Fig. 1   Examples of standard sequences in Experimental Series A. 
Each sequence consisted of 17 subsequent frames with a duration 
of 100 ms/frame (Exp. A3: 140 ms/frame). In standard and distrac-
tor sequences, changes appeared on 8 positions according to a ran-
dom point process, with the restriction of no more than 4 consecu-
tive changes and no more than 4 frames without any change. The 
temporal sequence in standard and distractor sequences was always 
different. Visual target stimuli were red geometrical frames (square 

vs. circle), and visual distraction was provided by the color (black vs. 
white) of the background square. Auditory target stimuli were tones 
of different frequency (400 vs. 800 Hz), and auditory distraction was 
provided by the waveform of the tones (sine vs. squarewave). In con-
ditions without distraction (VIS1 and AUD1), and with distraction 
from the same modality (VIS2 and AUD2), the stimulus from the 
other modality did not convey any temporal sequence information

1  A potentially stronger effect of visual distraction with prolonged 
frame duration was suggested by a pilot experiment (N=10), which 
explored visual and auditory sequence discrimination without distrac-
tion. This experiment showed an improvement of discrimination per-
formance with a prolonged frame duration (100 vs. 140 ms) only for 
visual sequences.
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Method

Participants

Ten volunteers participated in each experiment (Exp. A1: 
7 females and 3 males, aged from 19 to 32 years, M = 23.5 
years; Exp. A2: 6 females and 4 males, aged from 20 to 42 
years, M = 27.3; Exp. A3: 5 females and 5 males, aged from 
19 to 32 years, M = 23.0 years). They reported normal hear-
ing and normal or corrected-to-normal vision, and received 
either course credit or payment. Before each experiment 
started, all participants gave written informed consent. Each 
experiment lasted about 1 h.

Apparatus and stimuli

The experiments were programmed in Matlab using the Psy-
chophysics Toolbox (Version 3.0.8; Brainard 1997; Kleiner 
et al. 2007; Pelli 1997) on an Apple Mac Pro Computer, and 
were run in a sound-attenuated, dimly illuminated experi-
mental booth. Participants sat in front of a CRT monitor 
(Samsung SyncMaster 1100MB, 150 Hz) with a viewing 
distance of about 50 cm.

Auditory stimuli were presented through headphones 
(Sennheiser HD 380 pro) at an intensity level of 70 dB(A) 
SPL. Visual stimuli were a red square frame ( 4.4◦ × 4.4◦ of 
visual angle, frame width: 0.9◦ of visual angle) and a red 
circle frame (with a diameter of 4.4◦ of visual angle, frame 
width: 0.9◦ of visual angle). Visual distractor information 
was provided by the color (black vs. white) of a larger square 
( 5.0◦ × 5.0◦ of visual angle) that formed the background of 
the frame stimuli. In Experiments A2 and A3, there were 
additional catch stimuli. The visual catch stimuli were the 
capital letters A and E ( 1.1◦ × 1.4◦ of visual angle). Auditory 
catch stimuli were the spoken letters “A” and “E”. All visual 
stimuli were presented at the center of the screen against a 
gray background. Auditory stimuli were sine and squarewave 
tones of different frequencies (400 vs. 800 Hz).

The target and the distractor sequences were constructed 
following the procedure by Guttman et al. (2005). Within 
each sequence of 17 frames (Exp. A1 and A2: 100 ms/frame; 
Exp. A3: 140 ms/frame) changes of the respective stimulus 
(shape of the red frame, color of the background square, 
tone frequency, or tone waveform) appeared on 8 positions 
according to a random point process, with the restriction 
of no more than 4 consecutive changes and no more than 4 
frames without any change.

In Experiment A1, the target modality was visual and the 
target sequence was defined by a change of the shape of the 
red frame (square vs. circle). Visual distractor information 
consisted of a color change of the background square (black 
vs. white). Auditory distractor information was defined by 
a change of the sine tone’s frequency (400 vs. 800 Hz). For 

examples of these sequences, see Sequences VIS1–VIS3 in 
Fig. 1. In Experiments A2 and A3, the target modality was 
auditory and the target sequence was defined by a change 
of the tone’s frequency (400 vs. 800 Hz). The visual dis-
tractor was the same as in Experiment A1 (color change of 
background square), whereas the auditory distractor infor-
mation consisted of a change of the tone’s waveform (sine 
vs. squarewave). In Experiments A2 and A3, the start (and 
final) tone of the standard sequence was either a sine or 
a squarewave tone. Accordingly, in trials without auditory 
distraction the whole standard sequence consisted of either 
sine or squarewave tones. For examples of these sequences, 
see Sequences AUD1–AUD3 in Fig. 1.

As in Guttman et al.’s Experiment 3, the distractor infor-
mation was presented simultaneously with the standard 
sequence. In all trials, the background square (black or 
white) was presented during the encoding phase, irrespective 
of whether it conveyed distractor information or not. Simi-
larly, in all trials, an auditory stimulus was presented during 
the encoding phase. That is, in trials without auditory target 
stimuli or distraction one of the two sine tones was played 
for the whole duration of the standard sequence. During the 
presentation of the comparison sequence, however, no other 
stimulus than the target sequence was presented. Accord-
ingly, in Experiment A1, only the red frames were presented, 
and in Experiments A2 and A3 only the tone sequence 
was played. In Experiments A2 and A3, the comparison 
sequence was always presented with the waveform of the 
first (and last) tone of the standard sequence. In same trials, 
the target sequence and the comparison sequence were the 
same; whereas in different trials, the two sequences differed.

Procedure

Each trial started with the presentation of a fixation cross in 
the center of the screen. Then, participants started the pres-
entation of the standard sequence with a press of the space 
bar. After an inter-stimulus interval of 1.6 s, the comparison 
sequence was presented. At the end of the trial, participants 
were asked to indicate whether the standard and the com-
parison sequence were the same (left control-key) or differ-
ent (right control-key). After an inter-trial interval of 2 s, the 
next trial started. In case of an incorrect response, during 
the inter-trial interval, a feedback message was presented 
at the center of the screen. This message indicated that the 
response was incorrect and whether the sequences were the 
same or different.

In Experiments A2 and A3, there were also catch trials. 
In half of these trials, a visual catch stimulus was pre-
sented at the center of the screen (in black or white, always 
in contrast to the background color). In the other half, an 
auditory catch stimulus was presented. The catch stimuli 
were presented for the duration of one sequence frame at a 
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random position of the sequence with the exception of the 
first and the last position. In catch trials, no comparison 
sequence was presented. Instead, after the presentation of 
the standard sequence, participants were asked to indicate 
with the corresponding key of the keyboard whether an 
“A” or an “E” had been presented during the encoding 
phase.

To ensure that participants did not take off the head-
phones during Experiment A1, at the end of the experiment 
they were presented with a spoken message which instructed 
them to report a randomly chosen number (“1” vs. “2”) to 
the experimenter.

Each experimental block consisted of 48 trials. In Experi-
ment A1, there were 6 blocks; Experiments A2 and A3 com-
prised 8 blocks. In Experiment A1, within each block, each 
combination of distractor (no, visual, or auditory), sequence 
congruency (same vs. different), visual start distractor (black 
vs. white), and auditory start distractor (400 vs. 800 Hz) was 
presented twice and in random order. In Experiments A2 
and A3, there were 25% catch trials (additional 96 trials). 
In these experiments, trial order was randomized across the 
whole experiment. In all experiments, the first block was 
considered practice.

Results and discussion

For all experiments, an ANOVA with the within-subjects 
factor distraction (no, visual, or auditory) was conducted 
on discrimination accuracy (proportion correct). Figure 2 
depicts accuracy performance (proportion correct) as a func-
tion of distraction in Experiments A1–3. Within-subjects 
standard errors were calculated according to Morey (2008).

Exp. A1: visual sequence discrimination

Accuracy differed across the distraction conditions, 
F(2, 18) = 6.45 , p = 0.008 , �2

p
= 0.42 , with the highest accu-

racy when no distraction was present (M = 0.63, SD = 0.10), 
followed by very similar accuracies for visual (M = 0.55, SD 
= 0.07) and auditory (M = 0.55, SD = 0.08) distractions. 
Accordingly, Tukey contrasts indicated that the no-distrac-
tion condition differed significantly from the visual and the 
auditory distraction condition, both ps ≤ 0.010 ; whereas, the 
two conditions with distraction did not differ significantly 
from each other, p = 0.991 . T tests indicated that accuracy 
differed from chance performance (0.5) in all conditions, 
ps ≤ 0.039.

Exp. A2: auditory sequence discrimination

Overall catch trial accuracy was very high (M = 99.3%, SD 
= 1.0%). Nevertheless, accuracy was slightly higher in audi-
tory (M = 100%, SD = 0.0%) than in visual (M = 98.5%, SD 
= 2.0%) catch trials, t(9) = 2.27, p = 0.049 . As one would 
expect, overall accuracy for auditory sequence discrimina-
tion was higher than in the visual Experiment A1. Accuracy 
again differed across the distraction conditions, 
F(2, 18) = 38.01 , p < 0.001 , �2

p
= 0.81 . However, the pattern 

differed from the one in Experiment A1. Accuracy was com-
parably high when no distraction was present (M = 0.79, SD 
= 0.12) and when the distraction was visual (M = 0.78, SD 
= 0.11), whereas it was clearly lower in the auditory distrac-
tion condition (M = 0.57, SD = 0.05). Tukey contrasts con-
firmed this pattern, indicating that the auditory distraction 
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Fig. 2   Mean accuracy (proportion correct) as a function of dis-
traction in Experimental Series A. Left panel: Experiment A1 with 
visual target sequences. Middle panel: Experiment A2 with auditory 

target sequences. Right panel: Experiment A3 with auditory target 
sequences and prolonged frame duration (140  ms per frame). Error 
bars represent ±1 within-subjects SE 
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condition differed from the two other distraction conditions, 
ps < 0.001 , while there was no significant difference 
between no distraction and visual distraction, p = 0.895 . 
Again, accuracy differed from change performance in all 
conditions, ps < 0.001.

Exp. A3: auditory sequence discrimination with prolonged 
duration/frame

Catch trial accuracy was somewhat lower (M = 95.1%, SD 
= 8.2%) than in Experiment A2, and again higher in auditory 
(M = 98.6%, SD = 4.4%) than in visual (M = 91.6%, SD = 
12.6%) catch trials, t(9) = 2.64, p = 0.027 . Accuracy again 
differed across the distraction conditions, F(2, 18) = 17.02 , 
p < 0.001 , �2

p
= 0.65 . Although overall accuracy was some-

what lower than in Experiment A2, the pattern was very 
similar. Accordingly, accuracy was comparably high when 
no distraction was present (M = 0.70, SD = 0.11) and when 
the distraction was visual (M = 0.71, SD = 0.11), whereas it 
was clearly lower in the auditory distraction condition (M = 
0.58, SD = 0.08). Tukey contrasts again confirmed this pat-
tern, indicating that the auditory distraction condition dif-
fered from the two other distraction conditions, ps < 0.001 , 
while there was no significant difference between no and 
visual distraction, p = 0.971 . As in Experiments A1 and A2, 
accuracy differed from change performance in all conditions, 
ps ≤ 0.006.

Summary

The results pattern of Experimental Series A can be summa-
rized as follows. First, overall discrimination performance 
was clearly better for auditory (Exps. A2 and A3) than for 
visual sequences (Exp. A1), even when no distraction was 
present. Second, auditory distraction impaired performance 
irrespective of whether the target sequences were auditory 
or visual, whereas visual distraction only impaired the dis-
crimination of visual target sequences. This pattern confirms 
and extends the previous results by Guttman et al. (2005). 
Third, a prolongation of the frame duration within each 
sequence in Experiment A3, which we hypothesized could 
have strengthened the impact of the visual distraction, did 
not change the result pattern.

Experimental Series B: sequence 
discrimination with distraction 
during retention

Experimental Series  B aimed to investigate the same 
research questions as Experimental Series A, but employed 
a slightly different methodological approach. In three 

experiments, the distracting information was presented not 
during the encoding of the standard sequences, but in a 
retention interval between the standard and the comparison 
sequence (see also Bratzke et al. 2016; Rattat and Picard 
2012). The intention behind this change was to examine 
whether the distraction only affects the encoding of temporal 
sequences or whether it might even disrupt the short-term 
retention of such sequences. Additionally, we used two dif-
ferent stimulus characteristics for each modality to define 
the target sequences. Visual sequences were defined by a 
change of the shape or the color of a visual object, whereas 
auditory sequences were defined by the frequency or the 
waveform of a tone. In contrast to Experimental Series A, 
all trials included the presentation of incongruent distrac-
tion, either from the same or the different modality. Finally, 
this time all participants performed visual and auditory 
sequence discrimination. Experiment B1 involved the same 
temporal sequence structure as in Series A (17 frames with 
8 changes). In Experiments B2 and B3, the total duration of 
each sequence was shortened (9 frames with 4 changes), and 
in Experiment B3 the duration of each frame was increased 
to 180 ms. These changes were made with the aim to poten-
tially increase the discriminability especially for visual 
sequences.

Method

Participants

Sixteen volunteers participated in each experiment (Exp. B1: 
13 females and 3 males, aged from 19 to 29 years, M = 23.6 
years; Exp. B2: 11 females and 5 males, aged from 20 to 54 
years, M = 28.4 years; Exp. B3: 10 females and 6 males, 
aged from 19 to 29 years, M = 21.8 years). They reported 
normal hearing and normal or corrected-to-normal vision, 
and received either course credit or payment. In Experi-
ment B1, one participant was replaced by another partici-
pant because of very poor catch trial performance ( < 67% ). 
Before each experiment started, all participants gave written 
informed consent.

Apparatus and stimuli

The experimental setup was identical to Experimental Series 
A. Visual stimuli were squares and circles ( 2.6◦ × 2.6◦ of 
visual angle; black vs. white), which were presented at the 
center of the screen against a gray background. Auditory 
stimuli were sine and squarewave tones of different fre-
quencies (400 vs. 800 Hz), played through headphones at 
an intensity level of 70 dB(A) SPL. Visual sequences were 
defined by a change of the visual object’s shape or color. 
Similarly, auditory sequences were defined by a change of 
the tone’s frequency or waveform. The construction of the 
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temporal structure of the target and the distractor sequences 
followed the procedure of Experimental Series A. In Experi-
ment B2, the length of each sequence was reduced from 17 
frames with 8 changes to 9 frames with 4 changes. In Experi-
ment B3, additionally the duration of each sequence frame 
was prolonged from 100 to 180 ms. The catch stimuli were 
the same as in Experimental Series A.

Procedure

Each trial started with the presentation of a fixation cross 
in the center of the screen. Then, participants started the 
presentation of the standard sequence with a press of the 
space key. After that, the distraction sequence was presented, 
which was followed by the comparison sequence. The three 
sequences were separated by inter-stimulus intervals of 0.5 s. 
During these intervals, the fixation cross reappeared in the 
center of the screen. At the end of the trial, participants were 
asked to indicate whether the standard and the comparison 
sequence were the same (left control-key) or different (right 
control-key). After an inter-trial interval of 2 s, the next trial 
started. In case of an incorrect response, during the inter-
trial interval, a feedback message was presented at the center 
of the screen.

As in Experimental Series A, there were also catch tri-
als, which followed the same procedure as in Experimental 
Series A. In contrast to Experiments A2 and A3, the modal-
ity of the catch stimulus was always identical to the distrac-
tor modality. Each participant performed visual and audi-
tory sequence discrimination. The different target modalities 
were tested in different halves of the experiment and modal-
ity order was balanced across participants. Each participant 
was assigned to one of the four possible combinations of 

visual and auditory target and distractor stimuli (color/fre-
quency–shape/waveform, color/waveform–shape/frequency, 
shape/frequency–color waveform, shape/waveform–color/
frequency).

Within each half of experiment, each combination of dis-
tractor modality (visual vs. auditory), start target color/fre-
quency (black vs. white/400 vs. 800 Hz), start target shape/
waveform (square vs. circle/sine vs. square), start distractor 
frequency/color (400 vs. 800 Hz/black vs. white), and start 
distractor waveform/shape (sine vs. square/square vs. circle) 
was presented twice, plus additional 96 catch trials (a third 
of all trials). Experimental trials were subdivided into blocks 
of 48 trials. At the beginning of each half of experiment, 
there was a practice block of 24 trials (randomly drawn from 
the 96 possible experimental trials within each half).

Results and discussion

For all experiments, an ANOVA with the within-subjects 
factors target modality (visual vs. auditory) and distractor 
modality (visual vs. auditory) was conducted on discrimi-
nation accuracy (proportion correct). Figure 3 depicts accu-
racy performance (proportion correct) as a function of tar-
get modality and distractor modality in Experiments B1–3. 
Within-subjects standard errors were calculated according 
to Morey (2008).

Exp. B1: auditory and visual sequence discrimination

Catch trial accuracy was slightly higher for auditory (M = 
99.8%, SD = 0.5%) than for visual (M = 98.2%, SD = 2.8%) 
catch stimuli, t(15) = 2.39, p = 0.030 . Accuracy was higher 
for auditory (M = 0.68, SD = 0.11) than for visual sequences 
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Fig. 3   Mean accuracy (proportion correct) as a function of target 
modality and distractor modality in Experimental Series B. In Experi-
ments B2 and B3, the length of each sequence was reduced from 17 

frames (8 changes) to 9 frames (4 changes). In Experiment B3, addi-
tionally, the duration of each sequence frame was prolonged (from 
100 to 180 ms). Error bars represent ±1 within-subjects SE
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(M = 0.58, SD = 0.09), F(1, 15) = 17.72 , p < 0.001 , 
�2
p
= 0.54 . The main effect of distraction was not significant, 

F(1, 15) = 2.31 , p < 0.150 , �2
p
= 0.13 . The interaction 

between target modality and distractor modality was also not 
significant, F(1, 15) = 2.21 , p < 0.167 , �2

p
= 0.12 . In all con-

ditions, discrimination performance was significantly better 
than chance performance, ps ≤ 0.001.

Exp. B2: auditory and visual sequence discrimination 
with reduced sequence length

Catch trial accuracy was similarly high for auditory (M = 
99.7%, SD = 0.8%) and for visual (M = 99.4%, SD = 1.6%) 
catch stimuli, t(15) = 0.61, p = 0.549 . Accuracy was again 
substantially higher for auditory (M = 0.75, SD = 0.08) than 
for visual sequences (M = 0.57, SD  = 0.07), 
F(1, 15) = 159.73 , p < 0.001 , �2

p
= 0.91 . Thus, shortening 

the total sequence duration improved discrimination perfor-
mance, if any, for auditory instead of visual sequences. In 
contrast to Experiment B1, the main effect of distractor 
modality and the interaction were also significant. Auditory 
distraction (M = 0.64, SD = 0.11) was more effective than 
visual distraction (M = 0.68, SD = 0.13), F(1, 15) = 9.94 , 
p = 0.007 , �2

p
= 0.40 , and this was the case for auditory but 

not for visual target sequences, F(1, 15) = 19.06 , p = 0.001 , 
�2
p
= 0.56 . Specifically, accuracy for auditory sequences was 

0.79 (SD = 0.06) with visual distraction and 0.71 (SD = 
0.08) with auditory distraction, whereas accuracy for visual 
sequences was virtually the same with auditory (M = 0.57, 
SD = 0.07) and visual (M = 0.57, SD = 0.06) distraction (see 
middle panel of Fig. 3). In all conditions, discrimination 
performance was significantly better than chance perfor-
mance, ps ≤ 0.001.

Exp. B3: auditory and visual sequence discrimination 
with reduced sequence length and prolonged duration/
frame

As in Experiment B1, catch trial accuracy was slightly 
higher for auditory (M = 99.8%, SD = 0.8%) than for visual 
(M  =  99 .2%,  SD  =  1 .1%)  ca tch  s t imul i , 
t(15) = 2.42, p = 0.029 . Despite the prolongation of each 
frame’s duration, discrimination performance for the two 
modalities was very similar to the pattern of Experiment B2. 
Accordingly, accuracy was again substantially higher for 
auditory (M = 0.74, SD = 0.12) than for visual sequences 
(M = 0.58, SD = 0.09), F(1, 15) = 48.36 , p < 0.001 , 
�2
p
= 0.76 , The main effect of distractor modality was also 

again significant, F(1, 15) = 9.41 , p = 0.008 , �2
p
= 0.39 , with 

on average higher accuracy for visual (M = 0.68, SD = 0.14) 
than for auditory (M = 0.64, SD = 0.13) distraction. In con-
trast to Experiment B2, however, this effect was very similar 

for auditory and visual target sequences (see right panel of 
Fig. 3), F(1, 15) < 0.01 , p = 0.975 , 𝜂2

p
< 0.01 . In all condi-

tions, discrimination performance was significantly better 
than chance performance, ps ≤ 0.005.

Summary

The results of Experimental Series B showed that auditory 
distraction was always at least as effective as visual distrac-
tion. As in Experimental Series A, discrimination perfor-
mance was generally much better for auditory than for visual 
sequences. Neither a shortening of the sequences by reduc-
ing the number of frames and changes per sequence, nor a 
prolongation of each frame’s duration from 100 to 180 ms 
was sufficient to change this basic pattern.

General discussion

The present study aimed to replicate and extend results by 
Guttman et al. (2005), which showed that visual sequence 
discrimination was strongly disrupted by auditory but not 
by visual distraction. As we have outlined in the Introduc-
tion, the visual distraction provided in their study, however, 
cannot be regarded as an adequate control condition (for 
a similar argument, see also Grahn 2012). We, therefore, 
attempted to create comparable auditory and visual condi-
tions and investigated the effects of irrelevant distraction on 
temporal sequence discrimination within as well as across 
the two modalities.

Our results clearly replicate Guttman et al.’s (2005) find-
ing that auditory distraction strongly impairs the discrimina-
tion of visual sequences. Furthermore, auditory distraction 
was generally at least as effective in impairing discrimina-
tion performance as visual distraction. Importantly, this 
was the case not only for auditory but also for visual target 
sequences. When participants had to discriminate auditory 
target sequences, visual distraction was almost completely 
ineffective (see Experiments A2 and A3). This result is espe-
cially remarkable since we carefully prevented participants 
from simply blocking out the distractor information by using 
catch trials. Moreover, the stronger impact of auditory than 
visual distraction was also observed when the distraction 
was presented in a retention interval between the standard 
and the comparison sequence (Experimental Series B). 
Together, these results demonstrate that auditory distrac-
tion is much more effective in impairing discrimination of 
temporal sequences than visual distraction, irrespective of 
whether the to-be-discriminated target sequences are pro-
vided in the auditory or visual modality.

An obvious feature of the present results is the much 
lower performance level for visual compared to auditory 
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sequences (for similar results see also Grahn 2012). In most 
cases, discrimination performance in the visual modal-
ity was not much better than chance performance. Even in 
Experiment A1, in which participants discriminated visual 
sequences without any specific distraction, discrimination 
accuracy was only 13 percentage points higher than the 
50% chance level. In Guttman et al.’s (2005) study, the 
performance level for visual sequences was slightly higher 
(approx. 75–79%) than in our study but still much lower 
than the one for auditory sequences.2 There are several pos-
sible reasons for these differences in the overall performance 
level between our and Guttman et al.’s study, as for example, 
the different stimulus material used to create visual (shape 
and color vs. contrast reversal of gabor patches) and audi-
tory (frequency and waveform vs. brief auditory clicks) 
sequences, and the participant samples (Guttman et al.’s 
sample included the three authors).

In light of the rather poor discrimination performance 
for visual temporal sequences, it is perhaps not surpris-
ing that the same visual sequences were rather ineffective 
when they were used as distraction. In fact, we made several 
attempts to increase the impact of visual distraction. First, 
we used several visual stimulus characteristics to define the 
temporal structure of the sequences. Second, based on the 
results of a pilot experiment, we prolonged the duration of 
each sequence frame. Third, since sensory memory may be 
shorter for visual (e.g., Coltheart 1980) than for auditory 
(e.g., Cowan et al. 1984) stimuli (see Grahn 2012), we short-
ened the total duration of each sequence. All these efforts 
proved insufficient to increase the discriminability of the 
visual sequences. Thus, a fundamental problem in the study 
of cross-modal sequence discrimination, which is difficult, 
if not impossible to resolve, is the asymmetry in timing 
abilities for visual and auditory sequences with comparable 
temporal structures. In fact, this asymmetry is not specific 
to the discrimination of rapid temporal sequences but can 
be observed in a large variety of timing tasks and stimulus 
conditions (e.g., Glenberg et al. 1989; Grondin 1993; Repp 
and Penel 2002; Ulrich et al. 2006). There is some evidence 
that in bimodal duration perception, the auditory informa-
tion is still dominant, even when discriminability for the 
visual and the auditory stimulation is approximately equal-
ized by “smearing” the on- and offset of the auditory stimuli 
(Ortega et al. 2014). Whether this holds true also for tem-
poral discrimination of rapid temporal sequences, however, 
remains an open question. Furthermore, we certainly cannot 
rule out that other visual stimuli might be more effective in 

distracting from or interfering with auditory sequence dis-
crimination than the ones we used in the present study.

Guttman et al. (2005) interpreted their results as evidence 
for the cross-modal encoding view. According to this view, 
visual temporal information is obligatorily and automati-
cally encoded in the auditory system. While this view has 
received further support (Bratzke et al. 2012; Kanai et al. 
2011; Grahn 2012, but see also McAuley and Henry 2010), 
we think that the present results and those of Guttman et al. 
do not provide strong evidence for this view, although they 
are certainly consistent with it. This is because the poten-
tial of a distractor sequence to cause interference with the 
processing of a target sequence may be related to the tem-
poral sensitivities of the sensory modalities, in which the 
sequences are presented. Accordingly, the lower potential 
of a visual distractor sequence to interfere with the encod-
ing or retention of an auditory target sequence than vice 
versa can be attributed to the poorer discriminability of such 
sequences in the visual than in the auditory modality. This 
problem hampers not only a proper interpretation of the pre-
sent cross-modal interference effects but also the results of 
cross-modal transfer paradigms, as for example in the study 
of perceptual learning (Bratzke et al. 2012, 2014; Chen and 
Zhou 2014; Grondin and Ulrich 2011; Lapid et al. 2009).

In conclusion, the present study replicated the previous 
result by Guttman et al. (2005) that visual temporal sequence 
discrimination was strongly disrupted by incongruent audi-
tory distraction. Furthermore, our results demonstrate that 
this disruption can also appear during short-term retention 
of the to-be-discriminated sequence. Moreover, the pre-
sent study highlights why the interpretation of such results 
with regard to the underlying timing system is somewhat 
hampered.
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