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Abstract
The brain can process and integrate information from different sensory modal-
ities. Compared with a single sensory modality, individuals respond faster to
target signals presented simultaneously across different sensory modalities. A
major theoretical explanation for this phenomenon is the co-activation model,
which posits that stimuli from different modalities converge and integrate in
specific brain regions, such as the intraparietal sulcus, superior temporal sulcus,
and prefrontal cortex. The integrated signal has greater intensity and can trig-
ger responses more rapidly; however, at which stage of cognitive processing this
integration occurs remains inconclusive. When individuals process task switches
occurring between different sensory modalities, the cost of modality-related task
switching is less than the sum of cross-modal switching cost and task switching
cost, providing evidence that modality-related switch costs originate from iner-
tia and interference in task-set configuration. However, when switching between
single-modality and multi-modality conditions, the cross-modal switching cost
is reduced or even eliminated, as simultaneous multisensory integration offsets
part of the cost—a phenomenon that supports the co-activation model theory.
Nevertheless, how multisensory signal integration influences the neural process-
ing of task switching remains unclear. Future research could combine and refine
multisensory integration paradigms with classical task-switching paradigms to
determine the processing mechanisms of cross-modal switching and the stage at
which multisensory signal integration occurs.
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The brain can process and integrate information from different sensory channels.
Compared with single-modality stimulation, individuals respond faster to target
signals presented simultaneously across different sensory modalities. A primary
theoretical explanation for this phenomenon is the co-activation model, which
posits that stimuli from different channels converge and integrate in specific
brain regions such as the intraparietal sulcus, superior temporal sulcus, and
prefrontal cortex. The integrated signal is stronger and can trigger responses
more quickly, though the precise cognitive processing stage at which this in-
tegration occurs remains unclear. When individuals process task switches be-
tween different sensory modalities, the modality-specific switching cost is less
than the sum of cross-modal switching cost and task switching cost, providing
evidence that modality-related switching costs originate from inertia and inter-
ference in task set configuration. Moreover, when switching occurs between
single-channel and multisensory conditions, the cross-modal switching cost is
reduced or even eliminated because concurrent multisensory integration offsets
part of the loss, a phenomenon that supports the co-activation model. How-
ever, how multisensory signal integration affects the neural processing of task
switching remains unknown. Future research could combine the multisensory
integration paradigm with the classic task-switching paradigm to determine the
processing mechanisms of cross-modal switching and the stage at which multi-
sensory signal integration occurs.

Keywords: multisensory integration, redundant signal effect, cross-modal
switching effect, task switching

In daily life, the scenes and objects around us constantly change, requiring us to
continuously switch from one context to another, and most of the information
we receive comes from different sensory channels. Task switching refers to the
process of shifting from the currently executed task to a new one, while process-
ing and responding to received multisensory signals constitutes the multisensory
integration process. When target signals are presented simultaneously across dif-
ferent sensory modalities, our response process accelerates. These multisensory
signals are called redundant signals (Gondan & Minakata, 2016). People often
use redundant signals to ensure information is accurately transmitted to the
recipient—for instance, a police car’s siren and flashing lights—eliciting faster
and more accurate responses compared to single signals.
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Most information we receive in daily life enters the brain through different sen-
sory channels. The brain can integrate stimuli from different sensory modalities
and process this information in a unified manner—this processing is known as
multisensory integration. Common methods for studying behavioral effects of
multisensory integration involve simple rapid response time tasks, including
rapid discrimination tasks and rapid detection tasks. Detection tasks require
participants to respond as quickly as possible to all received stimuli, whereas
rapid discrimination tasks require participants to identify predetermined target
stimuli among received inputs and respond promptly. In rapid response time
paradigms, participants are presented with either a single sensory channel stim-
ulus (e.g., visual signal V alone or auditory signal A alone) or multiple different
sensory channel stimuli simultaneously (e.g., visual signal V and auditory signal
A presented together). As early as 1962, Hershenson conducted a classic experi-
ment presenting participants with visual, auditory, and synchronous audiovisual
stimuli, instructing them to respond upon seeing or hearing the target stimulus,
and observed accelerated average response speed under simultaneous audiovi-
sual conditions (Hershenson, 1962). Innes and Otto (2019) similarly confirmed
in their experiments that participants responded faster to bimodal audiovisual
signals than to visual or auditory signals alone, referring to simultaneously pre-
sented audiovisual stimuli as redundant signals. Shaw et al. (2020) utilized a
rapid detection task paradigm to compare reaction time differences when par-
ticipants responded to unisensory versus multisensory stimuli, demonstrating
a facilitatory effect of multisensory stimulus signals. To date, substantial ex-
perimental evidence has shown that when using multisensory channel stimuli
(redundant signals) to complete tasks, participants respond more accurately and
quickly compared to single-channel stimuli (single signals). This response facil-
itation phenomenon is known as the redundant signals effect, or RSE (Gondan
& Minakata, 2016). The RSE represents an important research topic in multi-
sensory processing.

Recently, Barutchu and Spence (2021) used both detection and discrimination
tasks to investigate the relationship between multisensory integration processing
and stimulus specificity, employing auditory and visual forms of letters b and
d presented in either single or dual sensory channels. In detection tasks, par-
ticipants responded as quickly as possible to all stimuli, while in discrimination
tasks, participants responded only when target letters (b or d) appeared. Re-
sults showed that in detection tasks, participants responded faster when visual
and auditory stimuli were presented simultaneously; in discrimination tasks,
the RSE occurred only when both visual and auditory stimuli matched the
target letter, with slower responses when stimuli were incongruent with the tar-
get (Barutchu & Spence, 2021). The reason for this dissociation may be that
Barutchu and Spence’s paradigm did not separate rapid response tasks from
switching tasks, allowing the RSE to be influenced by switching costs. We will
describe the relationship between these two effects in more detail in Section 3.
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Researchers have proposed various theoretical models to explain this multisen-
sory response facilitation effect, with the two most widely accepted being the
“race model”and the“co-activation model.”The race model (Miller, 1982) posits
that when processing multisensory channel stimuli, each channel’s signal is pro-
cessed independently, with multiple channels forming a competitive pattern.
The response to redundant signals is determined by the competition winner
(Figure 1 [Figure 1: see original paper]). Taking redundant signals composed
of two channel stimuli as an example, the reaction time to each stimulus varies
across trials, and the reaction time distributions of the two stimuli overlap.
Competition between the two signals causes the overall average reaction time
distribution to shift toward shorter times than either single-channel stimulus
alone—this change is predictable because the redundant effect results from sta-
tistical facilitation (Raab, 1962). The co-activation model (Blurton et al., 2014)
proposes that stimuli from different sensory channels converge and integrate at
a specific processing stage, producing a signal stronger than any single-channel
signal alone that reaches the sensory threshold more quickly to trigger a re-
sponse, thereby generating the RSE (Figure 2 [Figure 2: see original paper]).
Typically, response speed under the co-activation model is significantly faster
than multisensory stimulus response speed under the race model (Maslovat et
al., 2018).

Figure 1 (adapted from Raab, 1962) Race model. Stimuli from different chan-
nels S1 and S2 proceed independently; the response is activated by whichever
stimulus arrives first. Competition leads to statistical facilitation of reaction
time. S1 and S2 refer to stimulus signals from different channels; S(t) is the
stimulus signal function over time.

Figure 2 (adapted from Raab, 1962) Co-activation model. Stimuli from differ-
ent channels S1 and S2 converge and integrate in a specific region; the integrated
signal strength exceeds that of single S1 or S2 stimuli, enabling faster response
triggering.

To distinguish between race and co-activation processing models, Miller (1982)
proposed the race model inequality (RSI), which has become a conventional
method for testing behavioral data in RSE-related experiments:

𝑃(𝑅𝑇 ≤ 𝑡|𝑆1 + 𝑆2) ≤ 𝑃(𝑅𝑇 ≤ 𝑡|𝑆1) + 𝑃(𝑅𝑇 ≤ 𝑡|𝑆2) (1)

The left side of the inequality represents the cumulative probability density dis-
tribution function of reaction times under redundant signal conditions, while the
right side represents the cumulative probability density distribution functions
of reaction times corresponding to single-channel input signals. S1 and S2 refer
to two stimuli from different channels.

According to this formula, under race model conditions, the cumulative proba-
bility of reaction times to redundant signals is always equal to or lower than the
probability distribution for single signals. When behavioral data violate this
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inequality, the race model is rejected in favor of the co-activation model. In
existing validation experiments, most results have shown violations of the race
model, thereby supporting the co-activation model hypothesis. The race model
inequality assumes contextual independence of stimulus signals from two chan-
nels—that is, the reaction time distribution for each stimulus remains unchanged
whether presented alone or simultaneously with another stimulus (in redundant
signals).

Some researchers argue that when inequality (1) is violated, it may reflect ei-
ther the co-activation model or a violation of contextual independence, pro-
ducing contextual dependency (Miller, 2016). Contextual dependency refers to
the phenomenon where processing of two stimuli in redundant signal conditions
influences each other, differing from when stimuli are presented alone—for ex-
ample, the presence of a visual signal somehow affects auditory signal activity,
generating additional activation that influences reaction time to the auditory
signal. However, this contextual dependency assumption does not contradict
the co-activation model but rather supplements it. Therefore, when responses
violate the race model, they are considered consistent with the co-activation
model hypothesis.

The co-activation model supports the notion that redundant signals undergo
integration during cognitive processing, accelerating response triggering time.
However, no unified explanation exists regarding which specific processing stage
this integration of different channel stimuli occurs. Some researchers believe
integration occurs at the sensory stage, while others argue that co-activation oc-
curs at later response stages such as response initiation or motor execution
(Maslovat et al., 2018). Still others have proposed interactive models, sug-
gesting that some processing stages involve the race model while others fol-
low co-activation model activity (Miller, 2016). Determining the specific stages
at which multisensory integration interactive models occur requires further re-
search.

Most existing experimental studies on RSE have violated the race model in-
equality. Although a few studies support the race model, they remain con-
troversial due to insufficient evidence, and cognitive neuroimaging evidence is
even scarcer (Otto & Mamassian, 2017; Shaw et al., 2020; Van der Stoep et al.,
2015). Therefore, the following section will focus on the neural mechanisms of
the co-activation model.

Researchers propose that if the co-activation model holds, there should be brain
regions specialized for processing multisensory information that are activated
only when multiple sensory information is presented simultaneously. Based on
this hypothesis, neuroimaging studies have identified brain regions that respond
exclusively to multisensory channel information. Taking audiovisual redundant
signal input as an example, the first cortical areas to process visual and au-
ditory stimuli are primary visual cortex V1 and primary auditory cortex A1.
After initial processing, signals enter higher cortical regions for more complete
representation, particularly the superior temporal sulcus (STS), intraparietal
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sulcus (IPS), and prefrontal cortex (PFC) (Van Atteveldt et al., 2014). There-
fore, multisensory information integration may occur in these higher cortical
regions, a hypothesis confirmed by recent studies.

Regenbogen et al. (2017) conducted a stimulus discrimination experiment pre-
senting participants with prepared visual and auditory stimuli (A, V, and AV
stimuli presented randomly) requiring judgment responses. The researchers also
controlled stimulus difficulty by presenting audiovisual stimuli at different levels
of clarity. fMRI analysis confirmed that the intraparietal sulcus (IPS) exerts
top-down control over information exchange between visual and auditory sen-
sory regions (Regenbogen et al., 2017). Additionally, Stickel et al. (2019) used
fMRI in a multisensory integration experiment to compare olfactory-visual and
auditory-visual integration neural networks between autism spectrum disorder
patients and healthy participants. In the olfactory-visual paradigm, participants
were randomly presented with matching pleasant/unpleasant tastes and pictures
in single-channel and multichannel formats, requiring evaluative responses. The
auditory-visual paradigm used matching pleasant/unpleasant sounds and pic-
tures with the same presentation format. Results showed that during multi-
sensory integration, the intraparietal sulcus, medial frontal cortex, and inferior
frontal cortex were additionally activated in both olfactory-visual and auditory-
visual paradigms, confirming that multisensory integration processing occurs in
these regions (Stickel et al., 2019). However, some studies provide evidence that
interactions between different channel signals can occur even earlier, at the pri-
mary cortical processing stage (Keil & Senkowski, 2018), where signals from one
sensory channel can influence the excitability level of another sensory channel.
Furthermore, multisensory signal integration pathways have been identified in
the thalamus and superior colliculus (Cappe et al., 2007). These brain region
findings also provide evidence for future research on neural mechanisms related
to multisensory modality switching.

The aforementioned brain regions must cooperate when processing multisen-
sory stimuli, a process involving activation of various brain regions, functional
connectivity between regions, and neural oscillatory activity across cortical ar-
eas. Synchronization of neural oscillatory activity between regions can facilitate
cross-modal influences among auditory, visual, or tactile modalities (Bauer et
al., 2020). Mercier et al. (2013) had epilepsy surgery patients perform detection
tasks, finding that auditory stimuli enhanced phase resetting of neural oscilla-
tions in visual cortex, affecting visual stimulus processing (Mercier et al., 2013).
In another study by the same team, participants received single or mixed visual
and auditory stimuli while EEG data were recorded from auditory processing re-
gions. Results showed that visual stimuli could reset oscillatory activity in 𝛿 (1-4
Hz) and � (4-7 Hz) bands in auditory cortex. Additionally, 𝛼 (8-12 Hz) and 𝛽
(12-30 Hz) band oscillatory coherence under multisensory conditions was greater
than the sum of single-sensory conditions (Mercier et al., 2015). Combined with
Bastos et al.’s (2015) anatomical tracing results in non-human primates showing
that slower oscillatory activity supports longer-distance coupling, multisensory
effects in low-frequency bands (such as � and 𝛼) are related to top-down feed-
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back from higher-order cortical processing regions for multisensory integration.
In contrast, enhanced coherence observed in high-frequency oscillatory activity
(such as 𝛾 waves) reflects bottom-up stimulus processing. These findings demon-
strate that cross-channel influences occur at early primary cortical processing
stages, while multisensory stimuli cause greater local and faster inter-regional
oscillatory phase synchronization resetting, with the strength of this reset asso-
ciated with faster reaction times—that is, the RSE.

In daily life, to cope with constantly changing task scenarios, humans require
advanced and complex cognitive control processes that enable flexible responses
to achieve goals. Task switching is a commonly used experimental paradigm
for exploring cognitive control mechanisms (Rogers & Monsell, 1995). Task
switching typically includes processes such as task representation, task prepa-
ration, task selection, and task execution. In task-switching experiments, the
task type in the current trial sometimes changes from the previous trial (switch
condition) and sometimes remains the same (repeat condition). Researchers
comparing participant performance between switch and repeat conditions have
found a very stable cost in both reaction time and error rate, termed “switch
cost.”Explaining the nature of this phenomenon and discussing related neural
mechanisms has been a central focus of task-switching research.

A mixed task block containing two task types includes both repeat and switch
trials (e.g., an AABBAA sequence), whereas a single-task block requires partic-
ipants to complete only one task type, including only repeat trials (e.g., AAA
or BBB sequences). Comparing participant performance on repeat trials across
these two block types reveals longer reaction times and lower accuracy in mixed
task blocks, a cost known as mixing cost.

In cued task-switching paradigms, varying the time interval between cue and tar-
get stimuli (i.e., preparation time) affects switch cost, with longer preparation
times typically reducing switch cost, a phenomenon known as the preparation ef-
fect. However, extending preparation time does not completely eliminate switch
cost; studies have shown that even with preparation times of 5 seconds or longer,
substantial residual switch costs remain, termed the residual effect (Sohn et al.,
2000).

The prefrontal cortex (PFC) is an important brain region involved in task-
switching processes. Dove et al. (2000) used functional magnetic resonance
imaging to investigate a letter judgment switching task, finding additional PFC
activation under task-switching conditions. The PFC participates top-down in
task processing and control, forming the basis for task representation, selection,
preparation, and switching. For example, activation in bilateral dorsolateral
PFC regions can be observed according to different task cues, and inferior tem-
poral cortex activity related to task processing is also modulated by PFC activ-
ity. When task stimuli are ambiguous, requiring participants to make different
response type choices and potentially make errors, the medial frontal anterior
cingulate cortex (ACC) is activated to resolve stimulus-induced conflict (Dosen-
bach et al., 2007).
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Additionally, Sohn et al. (2000) used fMRI to demonstrate that parietal regions
are activated during task switching—for example, the intraparietal sulcus region
is more active during switch tasks. Their results also suggest functional seg-
regation within parietal regions: the posterior parietal region is more active
when switching between task-relevant dimensions, while the anterior parietal
region is more active when switching between stimulus-response mapping rules
(Sohn et al., 2000). Beyond the aforementioned frontal and parietal regions,
studies have identified many other brain regions that are more active during
task switching than during task repetition, such as the cerebellum and various
temporo-occipital cortex regions (Proskovec et al., 2019). In summary, task
switching requires integrating various perceptual, attentional, memory, and mo-
tor processes, leading researchers to increasingly focus on identifying and un-
derstanding functional connections between different brain regions during task
switching.

In general task-switching paradigms (where switching occurs only between
single-channel stimuli), ERP results from task-switching experiments undergo
time-frequency transformation to analyze oscillatory changes across different
frequency bands in frontoparietal regions, investigating neural processing
mechanisms involved in task switching. Many related studies show (Cooper et
al., 2016; Wu et al., 2015) that compared with repeat trials, 𝛼-band oscillations
in frontoparietal regions show significant decreases under switch conditions
(switch effect). Similarly, compared with single repeat tasks, 𝛼-band oscillation
strength significantly decreases in repeat trials within mixed tasks (mixing
effect), consistent with the behavioral results mentioned above. Moreover,
mixing effect differences occur earlier and are more persistent than oscillatory
differences caused by switch effects, confirming that switch cost and mixing
cost are related to transient and sustained cognitive control mechanisms,
respectively (Capizzi et al., 2020).

The functional significance of 𝛼-band oscillatory activity in task switching is
generally believed to activate an inhibitory top-down cognitive control mech-
anism. Specifically, when a new task set competes with the current task set,
𝛼-wave oscillatory activity can suppress attentional distraction and facilitate
responses to the current task (Foxe et al., 2014). 𝛽-band oscillatory change
patterns are consistent with 𝛼-band patterns, also showing mixing and switch
effects (Capizzi et al., 2020). That is, 𝛽-wave oscillation strength significantly
decreases under switch conditions in mixed tasks; comparing repeat trials in
mixed tasks with those in pure repeat tasks shows similarly decreased 𝛽-wave
oscillation strength, with mixing effects larger than switch effects.

However, the function of 𝛽 oscillations in task switching has not been fully
resolved. Cooper et al. (2019) argued that 𝛽 oscillations during task switching
are primarily related to sensorimotor functions (such as motor execution and
preparation), but Capizzi et al. (2020) countered this view, suggesting that
𝛽-wave oscillatory changes during task switching reflect involvement of non-
motor processes because 𝛽 oscillatory brain region distribution is not limited
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to sensorimotor cortex areas. This conclusion has also found support in recent
research (Spitzer & Haegens, 2017), showing that non-motor region 𝛽 oscillations
are related to many cognitive processes such as working memory, long-term
memory, and decision-making. Therefore, we believe that, similar to 𝛼 waves,
𝛽-wave neural oscillatory activity also reflects top-down processing mechanisms
in the brain.

�-band oscillatory changes differ from 𝛼 and 𝛽 bands, with �-wave oscillation
strength significantly increasing under switch conditions compared with repeat
trials, showing a clear switch effect. A recent study also indicated that increased
�-wave activity strength in frontoparietal regions is inversely proportional to
switch cost, representing efficient cognitive control (Cooper et al., 2017). These
results suggest that �-wave oscillatory activity is sensitive to switch cost and
plays an important role in task-switching mechanisms (Capizzi et al., 2020).
Combined with these findings, we hypothesize that �-band oscillatory activity
may be related to attentional shifting. When the current task differs from the
previous one, participants need to shift attention to new relevant stimuli and es-
tablish a new task set, so greater �-wave oscillation strength reflects more flexible
attentional shifting ability. However, the relationship between �-wave oscillatory
activity and mixing effects has not yet received stable and clear evidence sup-
port, and its specific functional significance in task-switching processes requires
more research evidence.

To address the aforementioned issues regarding the source of cross-modal switch-
ing costs and the stage at which co-activation occurs, we propose improvements
to existing task-switching and multisensory response paradigms. First, combine
the RSE research paradigm with the classic task-switching paradigm—for exam-
ple, using two tasks such as judging number parity or magnitude, where each
number stimulus is presented in picture (V) and audio (A) formats, with stim-
ulus presentation modalities including A-A-A⋯, V-V-V⋯, AV-AV-AV⋯, with
each block containing both task repeat and switch conditions. By comparing
RSE magnitude under repeat versus switch conditions, we can analyze how
switch effects influence the redundant signals effect. Second, add cross-modal
switch conditions to single-channel task-switching paradigms—for example, pre-
senting number stimuli randomly in visual and auditory forms so that switch-
ing can occur between modalities, within modalities, or both simultaneously.
By comparing differences in brain region activation location and intensity when
both types of switching occur versus when they occur separately, we can further
localize the shared cognitive processing centers for both switching processes.

Furthermore, whether cross-modal switching costs result from changes in neu-
ral circuits or from top-down cognitive processing shifts remains unresolved. To
determine the source of cross-modal switching costs, experiments could add stim-
uli requiring additional cognitive processing—such as numbers, text, or pictures
with different meanings—to compare with meaningless audio or graphics used in
classic RSE studies. Finally, current cross-modal switching research has focused
primarily on auditory and visual channels; whether stable cross-modal switch-
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ing costs and RSE facilitation can be observed when redundant signals combine
auditory or visual channels with other sensory modalities (such as olfactory or
tactile) requires further investigation.
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Abstract

The signals from different sensory channels could be integrated and processed
in the brain. Compared with stimulus from a single sensory modality, the
individual responses were faster for the multisensory target signals. One theory
explaining this phenomenon is the co-activation model. According to the co-
activation model, the signals input through multiple sensory channels would be
integrated in specialized brain regions, such as the intraparietal sulcus, superior
temporal sulcus, and prefrontal lobe regions. The strength of the integrated
signal is stronger, which could trigger the reaction more quickly. However, the
integration of the multisensory signals has not been concluded to occur in which
phase of the cognitive processing. When the task is switched between different
modalities, the cost of task switching associated with the cross-modal is less
than the sum of the modality switching cost and the single task switching cost,
which provides evidence for the hypothesis that the switching cost associated
with different sensory channels are derived from inertia and interference of the
task set. Moreover, when modality switching occurs between single-modal and
multi-sensory, the modality switching cost will reduce even disappear, which
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is due to the multisensory integration offset a part of loss. This supports the
co-activation model. However, it’s unknown how the multi-sensory integration
affects the nerve processing of the task switch. We could try to solve it by
combining the multisensory integration research paradigm with the classic task
switching paradigm, further to determine the processing mechanism of the cross-
modal shift and the processing phase of multisensory integration.

Keywords: multisensory integration, redundant signal effect, modality shift
effect, task switching
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