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Introduction

Navigating through daily life necessitates that we com-
bine input from different senses into a coherent representa-
tion of our surroundings. The past 30 years have seen vast 
research efforts about how this remarkable accomplishment 
is achieved. A great variety of approaches have described 
multisensory interaction on the neurophysiological level 
such as changes of firing rates in multisensory neurons (e.g. 
Stein and Stanford 2008) or on the behavioural and inter-
pretational levels such as effects in reaction time tasks (e.g. 
Hughes et al. 1994) and studies on perceptual illusions (e.g. 
Alais and Burr 2004) (for a recent compendium on multi-
sensory integration see Stein 2012). A great deal of research 
has been dedicated to examining the factors that underlie 
multisensory integration. Besides physical properties, such 
as spatial and temporal proximity (e.g. Parise et al. 2013), 
semantic relations between stimuli of different sensory 
modalities have been suggested to influence integration 
processes (e.g. Laurienti et al. 2004; Miller 1991; Molholm 
et al. 2004; Noppeney et al. 2010; Suied et al. 2009; Thelen 
et al. 2015). Laurienti et al. (2004) investigated the differ-
ent multisensory interactions when the semantic concepts of 
two co-occurring stimuli were either congruent or incongru-
ent. They used a two-alternative forced-choice decision task 
in which either a coloured disc, a spoken colour word or a 
combination of the two was presented. Participants pressed 
one button for colour one, another button for colour two 

Abstract Multisensory stimulus combinations trigger 
shorter reaction times (RTs) than individual single-modal-
ity stimuli. It has been suggested that this inter-sensory 
facilitation effect is found exclusively for semantically 
congruent stimuli, because incongruity would prevent mul-
tisensory integration. Here we provide evidence that the 
effect of incongruity is due to a change in response cau-
tion rather than prevention of stimulus integration. In two 
experiments, participants performed two-alternative forced-
choice decision tasks in which they categorized auditory 
stimuli, visual stimuli or audio-visual stimulus pairs. The 
pairs were either semantically congruent (e.g. ambulance 
image and horn sound) or incongruent (e.g. ambulance 
image and bell sound). Shorter RTs and violations of the 
race model inequality on congruent trials are in accordance 
with previous studies. However, Bayesian hierarchical drift 
diffusion analyses contradict former co-activation-based 
explanations of the effects of congruency. Instead, they 
show that longer RTs on incongruent compared to congru-
ent trials are most likely the result of an incongruity cau-
tion effect—more cautious response behaviour in face of 
semantically incongruent sensory input. Further, they show 
that response caution can be adjusted on a trial-by-trial 
basis depending on incoming information. Finally, stimu-
lus modality influenced non-cognitive components of the 
response. We suggest that the combined stimulus energy 
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and ignored appearances of a third colour. Laurienti et al. 
(2004) found an inter-sensory facilitation effect (IFE), faster 
responses to bimodal compared to unimodal stimulus pres-
entations (first reported by Todd 1912). Importantly, only 
congruent trials, in which the same colour was presented 
in both modalities, caused an IFE. When one of the target 
colours was combined with the task-irrelevant colour, RTs 
were prolonged (incongruent trials). Two groups of models 
have been proposed to explain the IFE. Race models (Otto 
and Mamassian 2012; Raab 1962) assume that two redun-
dant signals in different sensory channels are processed 
separately. Whichever signal is sufficiently processed first 
triggers the response. The facilitation is viewed as a mere 
effect of probability summation. In contrast, co-active inte-
gration models (Miller 1982) assume that input from both 
channels merges into an integrated signal for which pro-
cessing takes less time than for a single-modality signal. In 
Laurienti et al.’s (2004) study, only facilitation in congruent 
trials violated Miller’s (1982) race model inequality (RMI). 
Violations of the RMI are usually regarded as evidence of 
co-active integration. Note that the RMI test has become 
an ubiquitous research tool and several developments and 
methodological advances have been made since its intro-
duction by Miller (1982) (e.g. Colonius and Diederich 
2006; Gondan and Heckel 2008; Schwarz 1994). Further, 
the validity of the test has been the subject of continued 
debate. For instance, different models have been proposed 
that assume processing in different channels but allow spe-
cific kinds of channel interactions (e.g. Mordkoff and Yantis 
1991; Otto and Mamassian 2012). These models are able to 
explain RMI violations. However, Miller (2016) provided 
an analysis in which he showed that accounts that allow 
between channel interactions violate the central assumption 
of context independence. They therefore contradict the idea 
of an independent race model. Miller’s (2016) argument 
plausibly supports the value of the RMI for testing against 
independent race models.

Since Laurienti et al. (2004) found no RMI violations 
for incongruent stimuli, they concluded that multisensory 
input leads to facilitation only under conditions of semantic 
congruency. But this conclusion is on no firm grounds as 
the experiment contained two potential confounds. Specifi-
cally, on congruent trials both stimuli were associated with 
a button press, but on incongruent trials one was associated 
with response inhibition. Response inhibition rather than 
incongruity might have caused the slower RTs. Further, 
congruent trials provided the task-relevant information in 
both sensory channels redundantly, whereas on incongru-
ent trials the information was present in one channel only. 
In case of separate processing, target detection is less likely 
on incongruent trials. Response association and informa-
tion redundancy could therefore explain the RT difference 
between congruent and incongruent conditions.

In the study presented here, we propose an entirely 
different approach to look at the influence of semantics 
in a multisensory decision task. We used Bayesian hier-
archical drift diffusion models to investigate the effect 
of semantic incongruity in audio-visual integration. Drift 
diffusion models have been applied in previous studies 
on multisensory integration (e.g. Diederich 1995; Gon-
dan et al. 2011). Mostly however, the debate has con-
centrated on RT gains in correct responses and neglected 
a possible role of response caution. Response caution 
describes how much weight participants put on avoiding 
false responses rather than reacting as fast as possible. 
Hierarchical drift diffusion models can be used to make 
inferences about the priority given to accuracy over 
response speed by utilizing the information contained 
in RT distributions of correct and error trials (Ratcliff 
and McKoon 2008). Drift diffusion models have been 
applied in studies on congruency (Assink et al. 2015; 
Voss et al. 2013). However, these studies did not involve 
multisensory or redundant signals, and therefore, they 
provide little information on the role of response cau-
tion in multisensory integration. We obtained the nec-
essary two-alternative forced-choice decision task data 
using a paradigm that avoided the two confounds men-
tioned above. Previous studies interpreted faster correct 
responses to semantically congruent stimuli compared to 
semantically incongruent stimuli as facilitation of cross-
modal co-active integration due to congruency (Suied 
et al. 2009), which would in turn lead to better over all 
performance. We propose that it is necessary to con-
sider a qualitative change in response behaviour instead. 
In the present study, we utilized the information con-
tained in false responses. We show that a speed-accuracy 
trade-off can account for RT differences. Results from 
two experiments in this study led to the discovery of an 
incongruity caution effect (ICE).

Experiment 1

Methods

Participants

Twelve participants (7 females, 5 males, median age 
23 years) took part in the experiment. All participants had 
normal or corrected to normal vision; they stated that they 
had no problems with colour vision or hearing. During a 
practice block preceding the experimental trials partici-
pants named each of the colour patches once to confirm 
that all colours were identified correctly. Informed consent 
was obtained from all individual participants. All received 
course credits for participation.
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Task

Participants were presented with a coloured disc, a spoken 
colour word or a combination of the two, and they were 
instructed to respond to any of these stimuli independent of 
their modality. They pressed one button with their left hand 
for two of four colours and another button with their right 
hand for the remaining two colours. On multisensory trials, 
both modalities could present the same colour or different 
colours that required the same response but never two col-
ours that were associated with different manual responses. 
Thus, congruent and incongruent conditions differed only 
in that the colour concepts triggered by the two stimuli 
were the same (congruent) or different (incongruent).

Procedures in both experiments of this study were 
approved by the ethics committee of the University of Bern 
and are in accordance with the 1964 Helsinki Declaration 
and its later amendments or comparable ethical standards.

Apparatus

In both experiments, participants were seated at 60 cm 
viewing distance from a 24-inch computer screen (Dell-
2408WFP, 1920 × 1200). A PC (Intel i5 4 × 3.1 GHz, Win-
dows 7) with an ASIO driver soundcard (M-Audio Delta 
1010LT, inMusic M-Audio, Cumberland, USA) controlled 
the experimental procedure. Stimulus presentation and data 
recording were controlled using MATLAB R2012b and the 
Psychophysics Toolbox version 3.0.11 (Brainard 1997). 
The auditory stimuli were presented via an amplifier and 
two speakers placed on each side of the screen (Ultron 
Sonic Cube Edition 5.1, Ultron AG, Alsdorf, Germany). 
Participants’ forearms rested on the desk in front of them 
with their hands on the response buttons.

Stimuli and procedure

Participants gave a speeded two-alternative forced-choice 
decision task response to a visual, auditory or the simul-
taneous presentation of a visual and an auditory stimu-
lus. Visual stimuli were discs of one of four different col-
ours (red: 4.97 cd/m2, CIE x/y values: .603/.338; yellow: 
23.4 cd/m2, CIE x/y values: .430/.469; blue: 9.25 cd/m2, 
CIE x/y values: .205/.194; green: 7.63 cd/m2, CIE x/y val-
ues: .277/.542) presented in the centre of a black screen. 
Auditory stimuli were recordings of the corresponding col-
our words in German. The recordings were adjusted using 
the “match volume” function of the Adobe Soundbooth 
CS5 3.0 recording software. Final sound pressures at the 
position of participants’ head were 74.6 dBA (red), 73.2 
dBA (yellow), 72.9 dBA (blue) and 73.9 dBA (green). The 
PC caused a constant background noise of 44.6 dBA.

Each trial started with the presentation of a visual stimu-
lus (V), an auditory stimulus (A), the congruent combina-
tion of a visual stimulus with an auditory stimulus naming 
its colour correctly (CONG) or the incongruent combina-
tion of a visual stimulus with an auditory stimulus naming 
a different colour (INCONG). On each trial, participants 
signalled whether the presented stimuli belonged to one of 
two groups of colours. Half of the participants pressed the 
left button for red and yellow stimuli and the right button 
for blue and green stimuli. The second half of participants 
pressed left for red and blue stimuli and right for yellow 
and green stimuli. The two colour groupings were counter-
balanced across participants.

After the 250 ms stimulus presentation, the screen 
turned black and the speakers went silent. RTs were meas-
ured from stimulus onset until participant’s response. After 
response, the screen remained black and the speakers 
remained silent for an inter-trial interval of 1000 ms before 
the next trial started.

Participants completed 10 experimental blocks of 80 tri-
als each. Blocks consisted of 20 trials from each of the four 
experimental conditions (A/V/CONG/INCONG) presented 
in random order. Between blocks, participants took a self-
paced break. Prior to the experiment, they familiarized with 
the task during a practice block, which showed an addi-
tional “false” feedback after false responses. Upon comple-
tion of the experiment, the participants were debriefed.

Analysis and results

Employing a hybrid procedure of outlier identification, in 
a first step, anticipatory (i.e. RTs < 200 ms; 0.3 % of all 
trials) and disproportionally delayed (i.e. RTs > 1400 ms; 
0.9 % of all trials) responses were excluded from analysis 
as suggested by RT histograms and similar studies (e.g. 
Laurienti et al. 2004). In a second step, RTs outside the 
range of ±3 SD of each participant’s mean were excluded 
from analysis (1.6 % of all trials). Altogether, responses 
from 2.8 % of all trials were dismissed as outliers.

Error rates

Average error rate across conditions was 5.81 % (V: 
6.35 %, A: 6.29 %, CONG: 6.7 %, INCONG: 4.03 %). A 
1-factor repeated-measures ANOVA with the levels A, V, 
CONG and INCONG showed significant differences, F(3, 
33) = 5.501, MSe = .001, p = .004, ηp

2 = .333. Bonfer-
roni-corrected simple comparisons showed significantly 
fewer errors in the INCONG than in the CONG condi-
tion, t(11) = 3.823, p = .017, d = 1.1, and in the INCONG 
than in the A condition, t(11) = 5.314, p < .002, d = 1.53. 
All other comparisons showed no significant differences, 
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V-INCONG: t(11) = 2.682, p = .128, d = 0.05; all other 
ts < 1, n.s.

Response times

Mean RTs of the four experimental conditions were 
A: 536.5 ms (SE = 10.4), V: 493.4 ms (SE = 7.8), 
CONG: 448.4 ms (SE = 7.6) and INCONG: 478.4 ms 
(SE = 8.6). A one-factor repeated-measures ANOVA 
showed significant differences between the four levels: 
F(3, 33) = 53.237, MSe = 302.383, p < .001, ηp

2 = .829. 
Bonferroni-corrected single comparisons showed signifi-
cant differences between A and V, t(11) = 4.407, p = .006, 
d = 1.27; A and CONG, t(11) = 13.179, p < .001, d = 3.8; 
A and INCONG, t(11) = 7.604, p < .001, d = 2.2; V and 
CONG, t(11) = 6.859, p < .001, d = 1.98; and CONG 
and INCONG, t(11) = −6.603, p < .001, d = 1.9. The 
difference between V and INCONG was not significant, 
t(11) = 2.339, p < .235, d = 0.68.

Testing against the race model inequality

To provide comparability to previous studies, we first 
conducted the RMI (Miller 1982) test, which is tradition-
ally used to test whether the IFE between single-modality 
conditions (A, V) and audio-visual conditions (AV) could 
be explained by a race model (Otto and Mamassian 2012; 
Raab 1962) or else is due to co-active integration (Miller 
1982). Comparing response probabilities at a specific point 
in time (t), the RMI states that an independent race can 

only be assumed if P(RT < t|AV ≤ P(RT < t|V) + P(RT < 
t|A). A procedure used by Krummenacher et al. (2002) was 
followed to test the assumption. For each point in time that 
corresponds to the quantiles (i.e. 5, 10, 15 % of responses) 
of the RT distribution in the AV condition of each partici-
pant, the sum of the two unimodal probabilities was cal-
culated. The summed probabilities of the unimodal condi-
tions were then compared to the corresponding quantiles of 
the RT distribution in the AV condition using t tests. The 
test was run separately for the comparison of A and V tri-
als with CONG trials (see Fig. 1a) and for comparison of A 
and V trials with INCONG trials (see Fig. 1b). The detailed 
results of the RMI tests are shown in “Appendix 1”.

For the congruent bimodal stimuli, the RMI was 
significantly violated at the first three quantiles, q1: 
t(11) = −3.012, p = .012; q2: t(11) = −3.452, p = .005; 
and q3: t(11) = −2.944, p = .013. These violations con-
tradict independent processing and would traditionally be 
interpreted as evidence of coactive integration. In contrast, 
no significant violations of the RMI appeared for incongru-
ent trials. However, to go one step further we here propose 
a completely different approach to describe the mecha-
nisms at work.

Interestingly, fewer errors were made in the incongru-
ent than in the congruent condition. It is possible that faster 
RTs in the congruent compared to the incongruent condi-
tion are the result of a speed-accuracy trade-off. Thus, it 
remains open whether semantic incongruity inhibited mul-
tisensory integration or incongruity led to more conserva-
tive response behaviour and therefore produced longer RTs. 

Fig. 1  a Cumulative distribution functions (CDFs) for responses 
to congruent (solid) and the sum of the unimodal trials (dashed). b 
CDFs for responses to incongruent (solid) and the sum of the uni-
modal trials (dashed). Each quantile represents for each participant 

the point in time that adds another 5 % to the participant’s probability 
of having responded to a bimodal target. Asterisks mark differences 
in the cumulative probabilities that are significant at a 5 % level
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To answer this question, an analysis is needed that simul-
taneously takes into account RTs and error rates. Here, we 
used the drift diffusion model (Ratcliff and McKoon 2008) 
to investigate the speed-accuracy trade-off.

Hierarchical drift diffusion model analyses

The drift diffusion model describes the decision pro-
cess as noisy evidence accumulation. It comprises seven 
parameters of which three are of specific interest in the 
current study. Figure 2 depicts the decision process in the 
model. Stimulus onset starts the collection of evidence on 
whether the stimulus belongs to colour group one or colour 
group two. The speed at which evidence is accumulated is 
described by the drift rate, “v”, as represented by the steep-
ness of the curves. If congruency facilitates the formation 
of an integrated signal from which evidence for the deci-
sion can be accumulated more quickly, then v is expected 
to be higher on congruent trials than on incongruent tri-
als (see the first compared to the second decision process 
reaching the colour group 1 boundary in Fig. 2). How much 
evidence is needed before a decision boundary is reached is 
defined by the boundary separation, “a”. It reflects the pri-
ority given to accuracy over response speed. If the differ-
ence between congruent and incongruent trials is caused by 
a speed-accuracy trade-off, we expect the boundary separa-
tion a to be higher on incongruent than on congruent trials. 
In addition to the parameters describing the decision pro-
cess, we included the non-decision time parameter “t”. If 
congruency leads to faster responses due to a facilitation of 
non-cognitive processes such as stimulus encoding (Hack-
ley and Valle-Inclán 1998; Jepma et al. 2009) or motor 
response (e.g. Miller et al. 1999; Stahl and Rammsayer 

2005), then we expect t to be reduced on congruent trials 
compared to incongruent trials.

The HDDM toolbox (Wiecki et al. 2013) was used to 
fit drift diffusion models to the data (Ratcliff and McKoon 
2008). The hierarchical Bayesian adaption implemented 
in the HDDM toolbox is based on the assumption that 
parameters of individuals are drawn from the group-level 
distribution. All parameters are estimated on the group 
and participant levels simultaneously. Following the pro-
cedure used by Zhang and Rowe (2014), seven different 
models were fitted (each 22,000 samples, 2000 discarded 
as burn-in, every 10th kept after thinning) each allowing a 
different parameter or a different combination of the three 
parameters of interest, v, a and t, to vary freely between the 
four different experimental conditions, A, V, CONG and 
INCONG. To establish which model is best able to describe 
the differences between the experimental conditions, the 
deviance information criterion (DIC) was used (Spiegel-
halter et al. 2002), which penalizes models for additional 
free parameters. With a DIC 109.9 smaller than the second 
best model, the model allowing all three parameters to vary 
feely provided the best fit. Convergence was verified by 
visually inspecting the chains of the posteriors and, more 
formally, through the Gelman–Rubin R̂ statistic (Wiecki 
et al. 2013). The within-subject effects were modelled by 
expressing parameter values of the different conditions 
relative to an arbitrarily chosen reference condition. This 
procedure allows the model to account for large variation 
in individual overall performance while still being able 
to capture the effect of different experimental conditions. 
Intercepts were calculated for the parameter estimates of 
the congruent condition. The parameter estimates of the 
other three conditions are expressed as the difference to 

Fig. 2  Three exemplary 
decision processes in the 
drift diffusion model. The 
curves represent the amount 
of accumulated evidence over 
time. “v” the drift rate, “a” the 
boundary separation and “t” the 
non-decision time consisting of 
“stimulus encoding” and “motor 
response”.
(adapted from Zhang and Rowe 
2014)
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these reference values. Figure 3 shows the posterior prob-
ability parameter estimates relative to the congruent refer-
ence condition (i.e. 0 on the x-axis). To compare param-
eter estimates in terms of probability, the proportion of 

posteriors that was smaller than the reference condition 
was calculated.

As can be seen in panel a of Fig. 3, the drift rate in the 
incongruent condition (solid line) is higher than in the 
congruent condition and only slightly overlaps with zero, 
P(vincongruent < vcongruent) = .035. Drift rate was smaller in 
the auditory condition than in the congruent condition, 
P(vauditory > vcongruent) = .0015. Drift rate in the visual con-
dition did not clearly differ from the congruent condition 
but had a tendency towards being smaller, P(vvisual > vcon-

gruent) = .23. Figure 3 panel b shows that the bound-
ary separation was greater in the incongruent than in the 
congruent condition with almost no overlap with zero, 
P(aincongruent < acongruent) = .0085. Boundary separation in 
the auditory condition was also clearly higher than in the 
congruent condition, P(aauditory < acongruent) = .000. The 
visual condition does not appear to differ from the con-
gruent condition, P(avisual < acongruent) = .532. Figure 3 
panel c shows that the non-decision time was similar in the 
incongruent and congruent condition, P(tincongruent > tcon-

gruent) = .5075. In the single-modality conditions, the 
estimates were higher than in the congruent condition, 
P(tauditory < tcongruent) = .0395, P(tvisual < tcongruent) = .000.

Discussion Experiment 1

In accordance with previous findings, RT means and RMI 
tests show an IFE and challenge independent race mod-
els. Participants responded faster to semantically congru-
ent bimodal stimuli than to either of the single-modality 
stimuli or the incongruent bimodal stimuli. RMI violations 
were found exclusively for congruent trials. Importantly, 
the lower error rate in the incongruent condition makes a 
new approach to analyse the data necessary. The hierarchi-
cal drift diffusion model analyses provided strong support 
for an incongruity caution effect (ICE). Slower RTs on 
incongruent trials compared to congruent trials are due to 
more cautious response behaviour. If congruency improved 
performance by facilitating stimulus integration, we would 
predict a higher drift rate when compared to the incongru-
ent condition. This was not the case. Drift rate and response 
caution were higher in the incongruent condition. Hence, 
participants were not slower in accumulating evidence but 
more conservative in their response behaviour.

In Experiment 1, we chose a design that was as similar 
as possible to the study by Laurienti et al. (2004) while 
avoiding its confounds. This approach permits compari-
son of the findings. However, while our results clearly 
suggest an influence of semantic incongruity, it remains 
open in how far the task is suitable to trigger the percep-
tion of semantic incongruity. In real life, we do not usu-
ally encounter visual colour patches accompanied by spo-
ken colour words be it for the same or a different colour. 

Fig. 3  Posterior probability distributions. Posterior parameter esti-
mates of the auditory, visual and incongruent condition relative to the 
congruent baseline (i.e. 0 on the x-axis). a Estimates of drift rate, v. 
b Estimates of boundary separation, a. c Estimates of non-decision 
time, t
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It remains open whether this stimulus combination is 
perceived as an incongruity given the fact that partici-
pants needed to decide with which response hand a pre-
sented stimulus was associated. An in-depth processing 
of its semantic concept was not necessary. In Experiment 
2, we designed a task, which addressed these two critical 
points in order to more realistically induce the perception 
of incongruity. Participants categorized multiple low-con-
trast images and noisy sounds as animate or inanimate. As 
the image of a cat together with its typical sound often co-
occurs naturally, the coupling of a cat with the sound of a 
cow will likely induce a perception of incongruity. Further, 
this task requires the identification of the perceived stimuli 
and a deeper consideration of its semantic concept to make 
evaluation of its category possible.

Experiment 2

Methods

Participants

Twenty participants (17 females, 3 males, median age 
22 years) who were new to the study took part in the exper-
iment. All participants had normal or corrected to normal 
vision; none reported hearing problems. Informed consent 
was obtained from all individual participants. All of them 
received course credits for participation.

Task

Participants were presented with an image, a sound or a 
combination of the two and were instructed to respond to 
any of these stimuli independent of their modality. They 
pressed one button with one hand for stimuli that presented 
objects and another button with the other hand for stimuli 
that presented animals. On bimodal trials, both modalities 
could present the same object/animal or different ones but 
never an object and an animal at the same. Therefore, the 
motor response was always unambiguous.

Stimuli and procedure

Participants gave a speeded two-alternative forced-choice 
decision task response to a visual, an auditory or the 
simultaneous presentation of a visual and an auditory stim-
ulus. Visual stimuli consisted of 24 drawings (12 objects, 
12 animals; mean diagonal 0.45°). Auditory stimuli were 
24 recordings of sounds one typical for each of the vis-
ual stimuli. They were adjusted using the “match vol-
ume” function of the Adobe Soundbooth CS5 3.0 record-
ing software. Average sound pressure at the position of 

the participants’ head was 64.8 dBA. The PC controlling 
the experiment caused a constant background noise of 
44.6 dBA. Identification of the stimuli was impeded by 
reduced contrast or a layer of white noise, respectively. 
The degree of impediment was adjusted during a pretest 
with a separate group of participants to achieve compara-
ble mean error rates and RTs to individual single-modality 
stimuli and to ensure enough errors for later analysis. At 
the beginning of each trial, either a visual (V), an auditory 
(A), semantically congruent bimodal stimuli (CONG) (e.g. 
the picture of an ambulance and the sound of an ambu-
lance horn) or semantically incongruent bimodal stimuli 
(INCONG) (e.g. the picture of an ambulance and the sound 
of a church bell) were presented. Separate stimulus fit rat-
ings (N = 8) on a 6-point Likert scale with medians of 2 
and 6 for incongruent and congruent pairs, respectively, 
served as a manipulation check. Participants categorized 
the presented stimuli as animate or inanimate. Association 
of the response hand and the category was counterbalanced 
across participants. Stimulus presentation lasted 350 ms or 
until a response was made. After stimulus presentation, the 
screen turned white and the speakers went silent. RTs were 
measured from stimulus onset until participants’ response 
and followed by an inter-trial interval of 500 ms before the 
next trial started.

Participants completed four experimental blocks of 96 
trials each. Blocks consisted of 24 trials from each of the 
four experimental conditions (A/V/CONG/INCONG) pre-
sented in random order. For INCONG trials, auditory and 
visual stimuli were chosen randomly from within the same 
animate/inanimate category. Between blocks, participants 
took a self-paced break. To ensure that participants were 
able to identify all objects and animals, the experimenter 
first presented each of the images and sounds to the par-
ticipants asking them what they had heard or seen and cor-
recting them in case they did not answer correctly. Partic-
ipants were able to name all stimuli correctly after going 
through them a maximum of 5 times. Prior to the experi-
ment, they familiarized with the task during 48 practice tri-
als, which showed an additional “false” feedback after false 
responses. Upon completion of the experiment, the partici-
pants were debriefed.

Analysis and results

Employing a hybrid procedure of outlier identification, in 
a first step, anticipatory (i.e. RTs < 200 ms; 0.08 % of all 
trials) and disproportionally delayed (i.e. RTs > 2000 ms; 
0.92 % of all trials) responses were excluded from analy-
sis as suggested by RT histograms. In a second step, RTs 
outside the range of ± 3 standard deviations of each par-
ticipant’s mean in the respective condition (A/V/CONG/
INCONG) were excluded from analysis (1.43 % of all 
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trials). Altogether, responses of 2.43 % of all trials were 
dismissed as outliers.

Error rates

Average error rate across conditions was 9.2 % (V: 
12.29 %, A: 10.18 %, CONG: 8.43 %, INCONG: 5.98 %). 
A 1-factor repeated-measures ANOVA with the levels V, 
A, CONG and INCONG showed significant differences, 
F(1.631, 30.992) = 6.541, MSe = 40.339, p = .007, 
ηp

2 = .256. Bonferroni-corrected paired-sample t tests 
showed that there were significantly less errors in the 
INCONG condition than in any other condition, INCONG-
CONG: t(19) = 3.416, p = .018, d = 0.76; INCONG-
V: t(19) = 3.868, p = .006, d = 0.87; INCONG-A: 
t(19) = 4.296, p = .002, d = 0.96. The other three condi-
tions did not differ significantly, CONG-V: t(19) = 2.017, 
p = .348, d = 0.45; CONG-A: t(19) = 1.636, p = .71, 
d = 0.37; V-A: t(19) = 1.03, p = 1, d = 0.23.

Response times

Mean RTs of the four experimental conditions were 
A: 732.5 ms (SE = 21.3), V: 757.9 ms (SE = 17.0), 
CONG: 664.7 ms (SE = 13.9) and INCONG: 675.9 ms 
(SE = 14.5). A one-factor repeated-measures ANOVA 
showed significant differences between the four lev-
els: F(Greenhouse–Geisser corrected) (1.327, 
25.205) = 20.516, MSe = 4410.174, p < .001, ηp

2 = .519. 
Bonferroni-corrected paired-sample t tests showed sig-
nificantly slower responses for single-modality trials, 
A-CONG: t(19) = 4.864, p < .001, d = 1.09; V-CONG: 
t(19) = 8.685, p < .001, d = 1.94; A-INCONG: 
t(19) = 4.041, p = .004, d = 0.9; and V-INCONG: 
t(19) = 7.087, p < .001, d = 1.59; Differences between A 
and V or between CONG and INCONG did not reach sig-
nificance, V-A: t(19) = 1.139, p = 1, d = 0.26 and CONG-
INCONG: t(19) = −1.995, p = .364, d = 0.45.

Testing against the race model inequality

Following the procedure and rationale outlined for Experi-
ment 1 Miller’s (1982), RMI test was used to investigate 
whether the faster RTs observed in the two audio-visual 
conditions (CONG, INCONG) compared to the single-
modality conditions (A, V) could be due to an independ-
ent race. Two separate tests showed no violations for the 

comparison of A and V trials with CONG trials or for the 
comparison of A and V trials with INCONG trials. It is 
important to note, however, that while absence of RMI vio-
lations shows compatibility of the results with independent 
race models, it does not exclude the possibility of co-active 
processes (Mordkoff and Yantis 1991). Please see “Appen-
dix 2” for a detailed outcome of the tests.

Hierarchical drift diffusion analyses

The tendency of longer RTs on incongruent compared to 
congruent trials is in accordance with the significant dif-
ference observed in Experiment 1. At the same time, fewer 
errors occurred in the incongruent condition when com-
pared to any other condition. As demonstrated in Experi-
ment 1, the independent underlying parameters leave 
mean RTs with limited informative value for describing 
the influence of semantic congruency. A hierarchical drift 
diffusion model was fitted to distinguish between effects 
of drift rate and boundary separation. As in Experiment 
1, we first fitted seven different hierarchical drift diffu-
sion models each allowing a different parameter or com-
bination of the parameters v, a and t to vary across the 
four experimental conditions A, V, CONG and INCONG. 
With a of DIC 159.7 smaller than the second best model, 
the model that allowed all three parameters to vary freely 
provided the best fit. Analogous to Experiment 1, inter-
cepts were calculated for the parameter estimations of the 
congruent condition. The parameter estimates of the other 
three conditions are expressed as the difference to these 
reference values. Figure 4 shows the posterior probabil-
ity parameter estimates relative to the congruent reference 
condition (i.e. 0 on the x-axis). To compare parameter 
estimates in terms of probability, the proportion of pos-
teriors that was smaller than the reference condition was 
calculated.

As can be seen in Fig. 4a, the drift rate in the incon-
gruent condition (solid line) is higher than in the con-
gruent condition and only slightly overlaps with zero, 
P(vincongruent < vcongruent) = .0025. Drift rate was smaller 
in the auditory condition than in the congruent condition 
P(vauditory > vcongruent) = .000 and smaller in the visual than 
in the congruent condition P(vvisual > vcongruent) = .039. 
Figure 4b shows that the boundary separation is greater 
in the incongruent than in the congruent condition with 
almost no overlap with zero, P(aincongruent < acongruent)  
= .001. Boundary separations for the single modalities 



Exp Brain Res 

1 3

do not appear to differ from the congruent condition, 
P(avisual < acongruent) = .2895, P(aauditory < acongruent) = .414. 
Figure 4c shows increased estimates of non-decision time 
for the visual condition compared to the congruent condi-
tion, P(tvisual < tcongruent) = .000. Incongruent and audi-
tory conditions showed no substantial difference from 
the congruent condition, P(tincongruent > tcongruent) = .1835, 
P(tauditory > tcongruent) = .5475.

Discussion Experiment 2

In Experiment 2, we successfully replicated the ICE found 
in Experiment 1 by using a task that required identifica-
tion and thus semantic interpretation of the stimuli. Again, 
participants responded more conservatively to incongruent 
stimuli; error rates were lower in the incongruent condi-
tion when compared to any other condition. Visual, audi-
tory and congruent trials did not differ significantly in this 
respect. The hierarchical drift diffusion model parameter 
estimates showed the exact same patterns for the congruent 
and incongruent condition as in Experiment 1. Participants 
were faster in accumulating evidence but more conserva-
tive in their response behaviour when processing incongru-
ent trials. The data therefore provide strong evidence for an 
ICE.

General discussion

In this study, we provide evidence that semantic incongru-
ity influences multisensory interactions through response 
caution. Participants categorized stimuli that could be audi-
tory, visual, congruent audio-visual pairs or incongruent 
audio-visual pairs. In accordance with previous studies, 
RTs showed an inter-sensory facilitation effect. Impor-
tantly, differences in RTs and error rates between congru-
ent and incongruent stimulus combinations together with 
Bayesian hierarchical drift diffusion model analyses pro-
vide evidence of another effect that is not yet described in 
the literature. Participants responded more conservatively 
to semantically incongruent stimulus pairs. As a second 
important outcome of this study, we show that response 
caution can be adjusted on a trial-by-trial basis. Further, we 
found that evidence accumulation was highest on incon-
gruent trials and that the non-decision time did not vary 
between congruent and incongruent trials. This contradicts 
previous postulations that congruency facilitates co-active 

Fig. 4  Posterior probability distributions. Posterior parameter esti-
mates of the auditory, visual and incongruent condition relative to the 
congruent baseline (i.e. 0 on the x-axis). a Estimates of drift rate, v. 
b Estimates of boundary separation, a. c Estimates of non-decision 
time, t
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integration (Suied et al. 2009) as these would predict faster 
evidence accumulation or shorter non-decision time on 
congruent trials. Finally, the non-decision time varied with 
stimulus modality, which shows the influence of physical 
stimulus features on non-cognitive components of response 
behaviour.

We designed tasks that avoided the potential confounds 
of response association and information redundancy in pre-
vious research (Laurienti et al. 2004; Molholm et al. 2004). 
In accordance with those as well as with studies using other 
paradigms (Suied et al. 2009; Yuval-Greenberg and Deouell 
2009), Experiment 1 showed significant inter-sensory facil-
itation in RTs and RMI violations exclusively for congru-
ent multisensory stimuli. We propose a new explanation for 
this congruency-dependent phenomenon: the incongruity 
caution effect (ICE) reflects more cautious response behav-
iour in face of semantically incongruent sensory input. 
Both experiments provided strong support for an ICE. The 
error rates were reduced on the incongruent condition com-
pared to all other conditions, and the hierarchical drift–dif-
fusion models showed that participants responded with 
more caution on incongruent trials. Evidence accumulation 
was faster in the incongruent than in the congruent condi-
tion and therefore could not explain the slower RTs. The 
non-decision time was similar in both conditions, thus sug-
gesting that incongruity does not affect encoding or motor 
response behaviour.

An IFE was found in both Experiments. Neither race 
model theories (Raab 1962) nor models allowing for lim-
ited interactions between separate channels, for example 
due to between channel contingencies (Mordkoff and Yan-
tis 1991) or increase in noise (Otto and Mamassian 2012), 
can account for the effects in the current study; separate 
processing cannot explain the influence of the relationship 
between the semantic contents of the sensory channels. 
Alternatively, co-active integration (Miller 1982) could 
explain the IFE, but it cannot explain the specific effect of 
congruency on the drift rate or its effect on response cau-
tion. It postulates a single integrated stimulus that is eas-
ier to process. If faster responses to congruent compared 
to incongruent input were due to congruency facilitating 
multisensory integration (Suied et al. 2009), congruent tri-
als should lead to higher drift rates or shorter non-decision 
times. This was not the case. Two independent experi-
ments revealed that the drift rate was higher on incongru-
ent when compared to congruent trials and neither experi-
ment showed a difference in the non-decision time between 
the congruent and the incongruent condition. With regard 
to the IFE, the results from this study support co-active 

integration as they contradict separate processing. The 
influence of congruency in audio-visual interactions how-
ever, is best described as an ICE.

To date, there are only few studies that address the influ-
ence of semantic congruency in combination with a deci-
sion task. A study by Koppen et al. (2008) and the recent 
study by Wille and Ebersbach (2016) report findings that 
are in line with those presented here. Their participants 
had to decide in which modality they were presented with 
a signal. Simultaneous incongruent stimuli in the two 
modalities led to significantly fewer errors than congruent 
stimuli. Results from a signal detection study by Chen and 
Spence (2011) further support the ICE. They found that 
the response criterion in visual detection and identification 
tasks was lower when the target was presented shortly after 
a congruent auditory stimulus compared to when that stim-
ulus was incongruent. In contrast, the study by Laurienti 
et al. (2004) and Hu et al. (2012) did not find significant 
differences in error rates between congruency conditions. 
Hu and colleagues asked participants to categorize written 
words that were accompanied by task-irrelevant semanti-
cally congruent or incongruent spoken words. However, the 
task demands in both of these studies were so low that the 
near ceiling level of accuracy is likely to account for the 
null effects of congruency on error rates.

From an ecological perspective, the ICE appears intui-
tively functional. If we perceive information from our envi-
ronment that does not readily render a coherent interpreta-
tion, this may cause us to hold and scrutinize the situation 
more carefully. While one might expect than RTs to be gen-
erally slower, this does not necessarily need to be the case 
as incongruent stimulus combinations might also afford 
the allocation of more cognitive resources, which would 
explain the higher drift rate on incongruent trials.

One aspect in which semantically congruent and incon-
gruent stimulus combinations differ is their degree of 
familiarity. It can be defined as a measure of how well a 
stimulus is known due to the number of times it has been 
encountered before and how elaborate it has been pro-
cessed. Ratcliff et al. (2004) and Starns et al. (2012) found 
increased drift rates for more familiar stimuli in different 
categorization tasks. No other parameter varied system-
atically with familiarity. If familiarity played a role in the 
current study, one would expect an increased drift rate for 
congruent stimulus combinations. In contrast, however, the 
drift rate along with the boundary separation was higher 
for incongruent trials. It has to be noted that the studies 
by Ratcliff et al. (2004) and Starns et al. (2012) were uni-
modal, and it is therefore possible that the ICE emerges 
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only as a result of multisensory integration. Yet another 
conceivable explanation for the ICE is surprise. While 
familiarity is concerned with how well a stimulus is 
known, surprise describes the likelihood of its appearance. 
It is the consequence of an event with very low probability 
relative to the possible alternatives. Domenech and Dreher 
(2010) investigated surprise and the amount of predictive 
context information available. Stimuli preceding a target 
had varying degrees of predictive power and predicted 
the appearance of a target to be more or less likely. They 
found that predictive power reduced decision RTs, but that 
surprise showed no effect. As a consequence, Domenech 
and Dreher (2010) concentrated on the factor of predictive 
power during further analyses and unfortunately did not 
include surprise as a factor in their drift diffusion model. 
Thus, a comparison to the drift diffusion model parame-
ters from the present study is lacking. Further research is 
needed to determine whether and how surprise contributes 
to the ICE.

As a second important implication, the results presented 
here challenge the common conception of the response 
caution parameter. It is usually viewed as a meta-cognitive 
strategy (Horn et al. 2011) that is “under subjective con-
trol […] determined before the trial starts” (Wagenmakers 
2009) and stable within an experimental block (Horn et al. 
2011). The data of the current study show that response 
caution varied from trial to trial and depended on the 
unpredictable experimental condition. In this respect, the 
results are in accordance with the study by Domenech and 
Dreher (2010). Even though they do not discuss it in their 
paper, they report that the amount of predictive informa-
tion available influenced response caution on a trial-by-trial 
basis. For real life, it makes sense that we can deliberately 
influence our response caution, but it also seems necessary 
that we are able to adapt it on the spot as abrupt changes in 
the situation may require flexible responses.

Last but not least, the time needed for the non-cognitive 
components of the responses was increased on the visual 
trials of both experiments and in the auditory trials of 
Experiment 1. This pattern could be explained through an 
account given by Jepma et al. (2009). They used a com-
bination of EEG and drift diffusion model results to show 
that a task-irrelevant auditory accessory stimulus reduces 
non-decision time in a visual lexical decision task. Jepma 
et al. (2009) propose that stimulus energy from the dif-
ferent modalities integrates causing higher levels of gen-
eral arousal and consequently expedites visual encoding. 
Analogously, the total amount of stimulus energy on a 
given trial may have determined the encoding time in our 

study. In Experiment 1, combined energy from auditory 
and visual input led to lower non-decision time compared 
to unisensory input. In Experiment 2, the non-decision time 
was similar on auditory and multisensory trials. It seems 
likely that the grey-scaled, low-contrast visual stimuli in 
this experiment provided little stimulus energy, which led 
to long non-decision time on visual trials and did not vis-
ibly reduce it on multisensory compared to auditory trials. 
Taken together, the data show that in addition to the ICE on 
the semantic level, content-independent stimulus features 
interacted across modalities and affected the non-cognitive 
components of the task.

Conclusion and outlook

We were able to demonstrate that semantic incongruity 
leads to increased response caution. At the same time, evi-
dence for the response decision was accumulated faster on 
incongruent compared to congruent trials. We showed that 
response caution can vary between trials within the same 
block depending on sensory input. Finally, different types 
of sensory input cause variations in non-decision time most 
likely through a reduction in the time needed for stimulus 
encoding.

It will be interesting to investigate in future studies 
whether the ICE is restricted to audio-visual interactions 
or whether it can be observed between other modalities 
or even within a single modality. Moreover, it will need 
to be explored whether the ICE always co-occurs with 
an increase in drift rate because semantic incongruence 
will automatically trigger the allocation of more cognitive 
resources. Applying drift diffusion model analyses to ques-
tions traditionally examined through mean reaction times 
would likely provide valuable answers.
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Table 1  RMI test for congruent 
bimodal stimuli in Experiment 1

Quantiles of the cumulative probabilities that participants have responded to a congruent target, probability 
that a response has been given at this point in time to a visual target (pV), an auditory target (pA) and the 
sum of pV and pA (pV+A); outcome of paired-sample t tests between the quantile and pV+A

Quantile pV pA pV+A t df p

0.05 0.013 0.019 0.032 −3.012 11 0.012

0.1 0.032 0.035 0.067 −3.452 11 0.005

0.15 0.053 0.054 0.107 −2.944 11 0.013

0.2 0.085 0.079 0.165 −1.693 11 0.119

0.25 0.115 0.102 0.217 −1.297 11 0.221

0.3 0.144 0.126 0.27 −1.015 11 0.332

0.35 0.183 0.149 0.332 −0.596 11 0.563

0.4 0.218 0.169 0.387 −0.437 11 0.671

0.45 0.272 0.197 0.469 0.544 11 0.597

0.5 0.312 0.232 0.544 1.260 11 0.234

0.55 0.346 0.272 0.618 1.974 11 0.074

0.6 0.4 0.312 0.712 3.485 11 0.005

0.65 0.446 0.353 0.799 6.037 11 0.000

0.7 0.508 0.4 0.909 6.966 11 0.000

0.75 0.574 0.454 1.028 7.911 11 0.000

0.8 0.658 0.516 1.174 11.220 11 0.000

0.85 0.729 0.58 1.31 13.564 11 0.000

0.9 0.812 0.675 1.487 14.146 11 0.000

0.95 0.892 0.797 1.689 19.044 11 0.000

Table 2  RMI test for 
incongruent bimodal stimuli in 
Experiment 1

Quantiles of the cumulative probabilities that participants have responded to a incongruent target, probabil-
ity that a response has been given at this point in time to a visual target (pV), an auditory target (pA) and the 
sum of pV and pA (pV+A); outcome of paired-sample t tests between the quantile and pV+A

Quantile pV pA pV+A t df p

0.05 0.027 0.032 0.06 0.526 11 0.609

0.1 0.055 0.048 0.103 0.113 11 0.912

0.15 0.089 0.076 0.165 0.480 11 0.641

0.2 0.118 0.104 0.221 0.687 11 0.507

0.25 0.164 0.132 0.296 1.574 11 0.144

0.3 0.204 0.16 0.364 2.064 11 0.063

0.35 0.244 0.192 0.436 2.600 11 0.025

0.4 0.301 0.24 0.541 3.660 11 0.004

0.45 0.344 0.268 0.612 4.348 11 0.001

0.5 0.402 0.324 0.726 5.321 11 0.000

0.55 0.47 0.373 0.843 6.367 11 0.000

0.6 0.54 0.417 0.957 7.917 11 0.000

0.65 0.603 0.463 1.066 10.438 11 0.000

0.7 0.653 0.514 1.167 11.443 11 0.000

0.75 0.714 0.574 1.287 14.477 11 0.000

0.8 0.768 0.62 1.387 14.801 11 0.000

0.85 0.821 0.691 1.512 17.603 11 0.000

0.9 0.893 0.776 1.669 19.459 11 0.000

0.95 0.946 0.87 1.816 29.125 11 0.000
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Appendix 2

See Tables 3 and 4.

Table 3  RMI test for congruent 
bimodal stimuli in Experiment 2

Quantiles of the cumulative probabilities that participants have responded to a congruent target, probability 
that a response has been given at this point in time to a visual target (pV), an auditory target (pA) and the 
sum of pV and pA (pV+A); outcome of paired-sample t tests between the quantile and pV+A

Quantile pV pA pV+A t df p

0.05 0.011 0.043 0.054 0.503 19 0.621

0.1 0.024 0.091 0.115 0.959 19 0.350

0.15 0.046 0.128 0.174 1.313 19 0.205

0.2 0.064 0.166 0.231 1.577 19 0.131

0.25 0.097 0.196 0.293 2.116 19 0.048

0.3 0.12 0.247 0.367 3.100 19 0.006

0.35 0.142 0.292 0.434 3.120 19 0.006

0.4 0.172 0.325 0.497 3.218 19 0.005

0.45 0.204 0.357 0.561 3.437 19 0.003

0.5 0.241 0.391 0.632 4.018 19 0.001

0.55 0.28 0.431 0.71 4.675 19 0.000

0.6 0.323 0.477 0.8 5.604 19 0.000

0.65 0.374 0.521 0.895 9.747 19 0.000

0.7 0.44 0.563 1.004 11.037 19 0.000

0.75 0.491 0.596 1.086 12.945 19 0.000

0.8 0.558 0.644 1.202 12.255 19 0.000

0.85 0.647 0.696 1.343 14.906 19 0.000

0.9 0.74 0.757 1.497 16.730 19 0.000

0.95 0.833 0.827 1.659 22.592 19 0.000

Table 4  RMI test for 
incongruent bimodal stimuli in 
Experiment 2

Quantiles of the cumulative probabilities that participants have responded to a incongruent target, probabil-
ity that a response has been given at this point in time to a visual target (pV), an auditory target (pA) and the 
sum of pV and pA (pV+A); outcome of paired-sample t tests between the quantile and pV+A

Quantile pV pA pV+A t df p

0.05 0.014 0.052 0.066 1.273 19 0.218

0.1 0.022 0.087 0.109 0.591 19 0.562

0.15 0.044 0.137 0.181 1.466 19 0.159

0.2 0.075 0.175 0.25 2.145 19 0.045

0.25 0.099 0.221 0.32 3.198 19 0.005

0.3 0.136 0.261 0.397 3.763 19 0.001

0.35 0.162 0.297 0.46 3.903 19 0.001

0.4 0.194 0.339 0.534 5.300 19 0.000

0.45 0.232 0.383 0.615 6.134 19 0.000

0.5 0.274 0.425 0.699 5.982 19 0.000

0.55 0.318 0.467 0.785 6.617 19 0.000

0.6 0.364 0.51 0.874 7.995 19 0.000

0.65 0.412 0.548 0.961 8.252 19 0.000

0.7 0.467 0.591 1.058 8.522 19 0.000

0.75 0.527 0.626 1.153 9.666 19 0.000

0.8 0.603 0.677 1.279 11.715 19 0.000

0.85 0.67 0.71 1.38 13.404 19 0.000

0.9 0.75 0.767 1.517 17.005 19 0.000

0.95 0.84 0.836 1.676 20.698 19 0.000
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