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Multimodal Perception and Simulation

Peter Werkhoven and Jan van Erp

This chapter discusses mechanisms of multimodal perception in the context of
multimodal simulators and virtual worlds. We review some notable findings
from psychophysical experiments with a focus on what we call touch-inclusive
maultimodal perception—that is, the sensory integration of the tactile system
with other sensory systems such as vision and hearing.

The Relevance of Understanding Multimodal Perception

Humans have evolved to interact with their natural environment through
multiple and highly sophisticated sensory systems, each consisting of dedi-
cated receptors, neural pathways, and specialized parts of the brain in which
processing takes place. Human sensory systems for vision, hearing (audition),
touch (somatic sensation), taste (gustation), and smell (olfaction) enable us
to sense physical properties from different sensory modalities such as light,
sound, pressure, the flavor of substances, and volatile chemicals. Another sen-
sory system, the vestibular system, lets us sense the gravitational force and our
body accelerations.

Not trivially, our brains merge the information derived from the various
sensory systems into a coherent and unambiguous multisensory percept of the
world. They constantly process voluminous and parallel streams of sensory
information and try to relate those sensory signals that originate from the same
event, regardless of their modality. To understand the mechanisms underlying
multimodal perception, we need to understand not only how information from
each individual sensory modality is processed but also how information from
one sensory system isintegrated with and modulated by other sensory systems.

A thorough understanding of the mechanisms of multimodal perception
has become of particular interest to the community of developers of rapidly
evolving multimodal simulators and virtual worlds.
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Multimodal Simulation

Today we see interactive multimodal simulators that combine three-dimensional
(3D) sound and vision, tactile feedback, and high-tech motion platforms. Among
the most advanced simulators in the world is the multipurpose and multimodal
simulator Desdemona, developed by the research institute TNO (Toegepast
Natuurwetenschappelijk Onderzoek) Human Factors Institute in the Netherlands
in collaboration with the Austrian company AMST Systemtechnik (see Fig-
ure 13.1). It has been designed to realistically simulate complex movements
ranging from F16 dog fights to off-road vehicle driving and even roller coasters.
It has a cabin that can contain an F16 cockpit, mounted on a fully gimbaled sys-
tem that is able to rotate around any conceivable axis. The system as a whole
allows 2 m of vertical movement, combined with 8 m along a horizontal sledge.
The sledge itself is able to spin as well. Centrifugation enables Desdemona to
generate constant G-forces up to a maximum of 3 G. Desdemona is also used for
experiments on multimodal interfaces that support the pilot in keeping spatial
orientation and situation awareness.

Research focuses on how to provide people with consistent multisen-
sory cues for spatial orientation (proprioceptive, vestibular, visual, auditory) with
the ambition of arriving at accurate sensory integration models (using Bayesian
frameworks) that can account for the user variability observed in psychophysical
experiments. The complexity of such models may be illustrated by the find-
ings of Mesland, Bles, Werkhoven, and Wertheim (1998), who investigated the

Figure 13.1. The multipurpose and multisensory motion simulator Desdemona, devel-
oped by TNO and AMST.
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percept of passive horizontally oscillating self-motion simulated using a com-
bination of a linear horizontal accelerator (“sled”) and head-mounted displays.
Remarkably, the self-motion percept for such simulation gained in quality not
when the visual and proprioceptive stimuli were correctly in phase but when
the visual stimulus had a small lead.

Parallel to the development of professional simulators, we see the emergence
of 3D multimodal virtual game environments for social interaction, concept devel-
opment, decision making, and learning. Such game environments allow people
to interact with virtual worlds similar to the way they act in the real world
and allow them to experience the consequences of their actions. Interaction and
consistent multimodal representations (Ernst & Bulthoff, 2004) are crucial for
this process of learning by doing. Consistency issues are even more complicated
in the case of augmented worlds in which virtual and real worlds are combined.
For example, using see-through displays in combination with auditory and tac-
tile displays, we can perceive virtual objects embedded in our real environment.
Virtual objects must behave correctly in this real world with respect to visual
perspective, occlusion, shading, sound, and touch. However, technical limita-
tions (spatiotemporal resolutions and dynamic ranges) and principle limitations
(e.g., constraints of color spaces) still yield many inconsistencies.

Altogether, it is of crucial importance to have sufficient knowledge about
human tolerances for inconsistencies between modalities and about modality
interference effects. Furthermore, knowledge about multisensory illusions and
metameric classes of sensory stimuli may lead to alternative and more feasible
ways of creating a similar percept.

Sensory Substitution and Synesthetic Media

So far, we have reflected on how to convey visual properties of simulated envi-
ronments to the visual sense, auditory properties to the auditory sense, and
tactile properties to the touch senses in multimodal simulation. There is, how-
ever, a growing interest in exploiting our senses in less conventional ways—
that is, to transduce information from one modality such that it can be sensed
by other sensory systems.

Sensory transduction may serve to substitute a failing sensory system.
Perhaps the most successful application of sensory substitution is Braille.
Information usually acquired with our visual sensory system (reading) is trans-
duced such that it can be acquired through the tactile sensory system (fingertips).
Bach-y-Rita and Kercel (2003) suggested that reading itself can be considered
the first sensory substitution system because it transduces auditory information
(spoken words) such that it can be read by the visual system. With sufficient sig-
nal processing power and miniaturization of feedback devices, it has also become
possible to create real-time sensory transducers. One example is the “seeing with
sound” system, “vOICe,” with which blind people can sense a visual scene (e.g., a
street to cross). This sensory substitution system transduces images from a head-
mounted camera into sound patterns that carry directional and distance infor-
mation. An earlier example is the Tactile Vision Substitution System, developed
by Bach-y-Rita, Collins, Saunders, White, and Scadden (1969), which transduces
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visual patterns from a head-mounted camera to vibrotactile patterns on the torso,
enabling blind people to “see with their skin.” Sensory substitution can also be
applied within a sensory system, such as the finger-to-forehead of a person who
has lost peripheral sensation (Bach-y-Rita, 1995).

Second, sensory transduction can be applied not as a substitution but as
an augmentation of our senses or to enhance a single communication chan-
nel, such as speech or writing, into information that sends stimuli to several
human senses. Waterworth (1997) termed such applications synesthetic media.
For example, Smoliar, Waterworth, and Kellock (1995) developed a system to
transduce the auditory properties such as dynamics, tempo, articulation, and
synchronization of piano play to suitable visual representations to facilitate the
communication between the student and the piano teacher. In another domain,
TNO developed a tactile suit that transduces directional and gravitational
information to vibrotactile patterns on the torso. This suit (see Figure 13.2)

Figure 13.2. The vibrotactile vest (TNO).
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has been successfully tested for supporting pilots in landing their helicopter in
Afghanistan during “brownouts,” when clouds of dust and sand make landings
based on visual information nearly impossible (van Erp, 2007). Similarly, the
tactile vest has proven to support the spatial orientation of astronauts effectively
under microgravity conditions in the International Space Station (van Erp &
van Veen, 2006). However, it can also be used to complement the visual system,
for example, in gaming applications.

Benefits of Multimodal Human—Computer Interaction

Waterworth (1997) stated that human—computer interaction (HCI) design should
be seen as the art and science of sensory ergonomics for developing appropri-
ate artifacts for sensory enhancement and communication. He assumed com-
puters to serve as sensory transducers rather than cognitive artifacts. Today’s
technology makes it possible to design advanced sensory transducing multi-
modal human—computer interfaces, which may have various potential benefits,
if designed carefully.

First, multimodal interfaces yield more robust performance. They present
information in consistent complementary or redundant forms (or both). For
example, the visual shape and the sound of a bird are complementary informa-
tion, allowing disambiguation and enhancing the human detection and rec-
ognition performance of objects. Visual and tactile information about the size
of the bird can be redundant, increasing the robustness of perceptual perfor-
mance in case some sensory systems fail. Multimodal HCI can greatly improve
the performance stability and robustness of recognition-based systems through
disambiguation (Oviatt & Cohen, 2000).

Second, multimodal interfaces can reduce mental load. Current HCIs are
strongly unimodal (usually visual), mainly consuming resources of a single
sensory system and possibly causing mental overload. It has been shown, for
example, that the tactile sensory systems can take over tasks of the visual
system by adequately transducing the visual information to tactile patterns
(van Erp, 2007).

Third, multimodal HCI has the potential to greatly expand the accessibility
of virtual worlds to a larger diversity of users by adequately selecting the most
appropriate combinations of modalities with respect to age, skill, style, impair-
ments, and language (Oviatt & Cohen, 2000). For example, vision allows for a
prolonged (foveal) attention to complex visual scenes and can attract attention
peripherally, whereas hearing is transient but is omni-directional and has a
longer short-term memory storage (Wickens, 1992). In contrast to vision and
hearing, touch is capable of simultaneously sensing and acting when exploring
the environment.

Fourth, multimodal presentation can promote new forms of HCI that were
not previously available. For example, interfaces may adapt information pre-
sentation to the most appropriate sensory system given the preferences, needs,
tasks, and context of the user, including aspects such as privacy, environmen-
tal noise and lighting, weather conditions, and protecting cloth. Adaptation
of multimodal information presentation can be system controlled (the system
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finds out itself based on user profiles and user behavior monitoring) versus
user controlled (explicit user-articulated preferences).

However, one also has to be aware of the trade-offs in multimodal HCI
(Sarter, 2006). One of them is the trade-off between the benefits of adaptive
multimodal HCI on the one hand and the increased cost of interface manage-
ment and monitoring user demands on the other. Another is that the expected
increase of robustness and decrease of mental load through the use of multi-
modal interfaces may lead to a higher risk that our brain can no longer converge
modalities into a coherent percept and that sensory systems start to interfere,
if such interfaces are not designed carefully.

Obviously, the successful design of multimodal HCI and virtual worlds
relies heavily on a thorough knowledge of the underlying mechanisms of multi-
modal perception.

What Is Known About Touch-Inclusive
Multimodal Perception

Research into the characteristics of unimodal perception has a long history; is
spread across multiple disciplines, including the neurosciences, psychology,
philosophy, physics, and computer sciences; and has been written down and
reviewed in a huge body of literature. The first author’s early contributions
to the literature of human perception were also focused on unimodal visual
motion perception, for example, motion detection mechanisms underlying the
local extraction of linear motion patterns (Werkhoven & Koenderink, 1990) and
also on rotary motion perception (Werkhoven & Koenderink, 1991), second-order
motion perception (Werkhoven, Chubb, & Sperling, 1993; Werkhoven, Sperling,
& Chubb, 1994), and structure from motion perception (De Vries & Werkhoven,
1995; Werkhoven & van Veen, 1995). The fact that these topics are just tiny
building blocks of a single sensory system makes one realize that the world of
multimodal perception will continue to challenge us with research questions
for many decades to come.

Interestingly, although human perception generally has a multimodal
nature, researchers only recently started to study the underlying mecha-
nisms of multisensory perception and integration (Rock & Victor, 1964;
Welch & Warren, 1980). Stein and Meredith (1993) and later Calvert, Spence,
and Stein (2004) wrote excellent overviews based on the strongly fragmented
literature on multisensory processing and have highlighted the most notable
advances in this field. It must be noted, however, that the literature on uni-
modal as well as multimodal perception is strongly centered on the visual
and auditory sensory systems. The synthesis of these sensory systems with
the tactile sensory system has received minimal attention from the research
community, given the great relevance and potential of touch in interactive
virtual worlds.

In this chapter, we discuss what we call touch-inclusive multimodal per-
ception: To what extent do tactile and other sensory modalities differ in their



Not for further distribution.

Copyright American Psychological Association.

MULTIMODAL PERCEPTION AND SIMULATION 233

spatiotemporal characteristics? To what extent can touch-inclusive multimodal
presentations enhance detection and recognition? To what extent do incongruent
tactile and other sensory modalities interfere with each other?

To What Extent Do Tactile and Other Sensory Modalities
Differ in Their Spatiotemporal Characteristics?

Given the increasing complexity of visual interfaces, system designers are
increasingly looking toward the auditory and tactile sensory systems to provide
alternative or supplementary means of information transfer (Spence & Driver,
1997; van Erp, 2001). Effective multimodal interfaces require that stimulation
from several sensory channels be coordinated and made congruent informa-
tionally as well as temporally (Kolers & Brewster, 1985). Given the context of
touch-inclusive multimodal interfaces and that time is an important and com-
mon dimension of all sensory modalities, we here focus on the temporal charac-
teristics of the tactile and the visual system and aim at identifying cross-modal
sensitivities and biases. For example, are time intervals when estimated by the
tactile system the same as when estimated by the visual system?

Cross-Modal Biases

The relationships among the auditory, visual, and tactile channels regard-
ing temporal duration has not been studied extensively. Only the perceived
durations of visual and auditory time intervals have been compared. For tem-
poral intervals on the order of 1 s, visual intervals had to be set longer than
auditory intervals to be judged as equal in duration (Goldstone, Boardman,
& Lhamon, 1959).

Modality differences have also been reported for other time-related mea-
sures and tasks, for example, in duration discrimination (Lhamon & Goldstone,
1974), temporal order judgment (Kanabus, Szelag, Rojek, & Poppel, 2002), stim-
ulus sequence identification (Garner & Gottwald, 1968), perception of temporal
rhythms (Gault & Goodfellow, 1938), and a temporal-tracking and continuation-
tapping task (Kolers & Brewster, 1985). We know of only two studies that have
addressed auditory-tactile interval duration comparisons. Both Ehrensing and
Lhamon (1966) and Hawkes, Deardorff, and Ray (1977) found perceived tactile
durations to equal auditory ones.

On the basis of the biased auditory visual relation and the unbiased audi-
tory tactile relation, one might expect a bias in tactile visual comparisons as
well: Visual intervals will probably have to be longer than tactile intervals to
be judged as equal in duration. However, because manual interactions with the
environment are often controlled using visual feedback, it may be expected that
the perception of time intervals for the eye and for the fingertips has evolved to
be consistent. Evidence for this comes from the development of visual-haptic
interactions in children (Birch & Lefford, 1963, 1967).
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van Erp and Werkhoven (2004) investigated the expected cross-modal bias
for tactually and visually defined empty time intervals. In a forced-choice dis-
crimination task, participants judged whether the second of two intervals was
shorter or longer than the first interval. Two pulses defined the intervals. The
pulse was either a vibrotactile burst presented to the fingertip or a foveally
presented flash of a white square. The comparisons were made for unimodal
(visual-visual or tactile—tactile) and cross-modal intervals (visual-tactile and
tactile—visual) in the range of 100 to 800 ms. The standardized bias was defined
as the time interval of one modality (say, visual) that was subjectively equal to
the standard interval of another (say, tactile), normalized with respect to that
standard interval and, thus, expressed in percentages. The results showed sig-
nificant cross-modal biases between the tactile and sensory systems. Tactile
empty intervals had to be set 8.5% shorter on average to be perceived as long
as visual intervals. The cross-modal bias was largest for small intervals (15%
for the 100-ms intervals).

Cross-Modal Sensitivity

Unimodal threshold studies have shown that the temporal resolution of the skin
lies between those of hearing and vision (Kirman, 1973). This relation goes for
numerous time-related measures and tasks, including discrimination of dura-
tion (Goodfellow, 1934), synchronization of finger taps (Kolers & Brewster, 1985),
and adjusting empty intervals to equal pulse duration (Craig, 1973).

To be able to compare visual and tactile information in a cross-modal set-
ting, there must be a common representation of the information from both
senses. Several mechanisms for cross-modal visual-haptic comparisons have
been suggested, based on two fundamentally different models (Summers &
Lederman, 1990). The first is based on modality-specific representations that
are used for unimodal comparisons (Lederman, Klatzky, Chataway, & Summers,
1990). These modality-specific representations must be translated into a com-
mon representation for cross-modal comparisons. This implies that cross-modal
comparisons require an extra translation compared with unimodal comparisons.
On the basis of the assumption that this extra translation increases the vari-
ability in the judgments, this model predicts a lower sensitivity for cross-modal
comparisons than for unimodal comparisons. The second model (Ernst & Banks,
2002) states that information from the different modalities is directly processed
and translated into a common (amodal) representation. This representation is
used for both unimodal and cross-modal comparisons. In the latter model, uni-
modal and cross-modal comparisons are based on the same representation and
are, therefore, hypothesized to have the same sensitivity.

van Erp and Werkhoven (2004) investigated the human sensitivity to dis-
criminate empty intervals as a function of interval length and compared cross-
modal sensitivity with unimodal sensitivity. Variances were derived from the
same unimodal and cross-modal interval comparison experiments mentioned
earlier. The Weber fractions (the threshold divided by the standard interval)
were 20% and were constant over the standard intervals. This indicates that
the Weber law holds for the range of interval lengths tested (100-800 ms).
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Furthermore, the Weber fractions are consistent over unimodal and cross-
modal comparisons, which suggests that there are no additional costs involved
in the cross-modal comparison.

To What Extent Can Touch-Inclusive Multimodal Presentations
Enhance Stimulus Detection and Recognition?

Generally, humans perceive real-world scenes through multiple sensory systems,
and, most often, the information from the different sensory modalities involved is
congruent, in either a complementary or a redundant way. Important questions
are how scene information is processed within each modality, how information
is integrated across modalities, and if and how this increases detection and rec-
ognition performance of objects or events.

Benefits of Multimodal Perception

Studies on multisensory integration have demonstrated that human perception
can significantly increase in quality when the same environmental property is
perceived in more than one sensory modality. For example, multimodal redun-
dant stimuli have been shown to improve reaction time (Hershenson, 1962),
stimulus identification (Doyle & Snowden, 2001), contrast detection (Lippert,
Logothetis, & Kayser, 2007), perceptual organization (Vroomen & de Gelder,
2000), temporal boundaries (Vroomen & de Gelder, 2004), spatial localization
(Alais & Burr, 2004), height estimation (Ernst & Banks, 2002), the reliability of
depth cues (Landy, Maloney, Johnston, & Young, 1995), and size and stiffness
estimates (Wu, Basdogan, & Srinivasan, 1999). Extensive reviews on neural, per-
ceptual, and behavioral aspects of sensory integration can be found by Stein and
Meredith (1993) and Calvert et al. (2004). So for congruent stimuli (derived from
the same source), multisensory interaction indeed seems to improve the quality
of perception. In fact, multisensory integration allows the brain to arrive at a
statistically optimized integrated perceptual estimate under conditions in which
the stimuli from the individual modalities involved are congruent, although each
may be noisy, incomplete, and perhaps slightly different.

Interactions Between Sensory Systems

For incongruent stimuli, multisensory integration would obviously be ineffective.
However, the brain cannot always determine correctly if individual signals are
congruent or not. In some cases, our brain values a holistic percept so highly that
incongruent stimuli lead to illusionary percept. For example, Shams, Kamitani,
and Shimojo (2000, 2002) discovered that we perceive an illusory second flash
when a single flash of light is accompanied by multiple auditory beeps, leading to
a decrease in numerosity judgment performance. Andersen, Tiippana, and Sams
(2005) extended this work by showing that the number of perceived flashes can
be both increased (called fission) and decreased (called fusion) by presenting a
larger or smaller number of irrelevant beeps in combination with the flashes.
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Besides these audiovisual illusions, comparable effects have been reported for
almost all other combinations of modalities (Bresciani, Dammeier, & Ernst,
2006; Courtney, Motes, & Hubbard, 2007; Ernst & Bulthoff, 2004; Hétting &
Roder, 2004; Violentyev, Shimojo, & Shams, 2005).

Findings for incongruent stimuli have shed some light on the sensory inte-
gration process. The illusory flash effect has been explained by Bayesian models
(Andersen et al., 2005; Bresciani et al., 2006; Ernst & Bulthoff, 2004; Shams,
Ma, & Beierholm, 2005). These models propose that the more reliable esti-
mate (with the smallest standard deviation) has a larger influence on the
final percept. Auditory estimates are generally more reliable than visual esti-
mates in temporal tasks, giving them dominance over visual perception in the
illusory flash experiment (Andersen et al., 2005). Similarly, the tactile modal-
ity is more reliable than the visual modality and can induce visual flash illu-
sions (Violentyev et al., 2005). In turn, the tactile modality can be modulated
by auditory stimuli (Bresciani et al., 2005). Interestingly, this suggests an
order of dominance (influence) for numerosity estimates equal to the order of
performance found by Lechelt (1975) for unimodal temporal numerosity judg-
ment: Hearing is best followed by touch and vision. That is, the more reliable
modality in the illusory flash paradigm corresponds with the more accurate
modality in his temporal numerosity judgment task.

Multimodal Numerosity Estimation

Given the growing body of models and experimental data on numerosity judg-
ment tasks with incongruent stimuli, it may come as a surprise that multi-
sensory numerosity judgments of congruent stimuli have hardly been studied.
Only recently, Gallace, Tan, and Spence (2007) tested a spatial numerosity
judgment task in which multimodal pulses were presented simultaneously at
multiple locations as opposed to sequentially at a single location, as in tempo-
ral numerosity judgment. Participants had to count and sum the pulses pre-
sented in the tactile and visual modality. They found that bimodal numerosity
judgments were significantly less accurate than unimodal judgments and sug-
gested that numerosity judgments rely on a unitary amodal system. It would
be interesting to know if this extends to temporal numerosity judgment.

Philippi, van Erp, and Werkhoven (2008) investigated a temporal numer-
osity judgment task and tested whether multimodal presentations can reduce the
numerosity underestimation biases observed in unimodal conditions. Participants
were presented with two to 10 pulses at different interstimulus intervals (ISIs)
under unimodal conditions (visual, auditory, and tactile senses) as well as
multimodal combinations. The results showed that for short ISIs (between 20
and 80 ms), multimodal presentation significantly reduced the underestima-
tion of numerosity compared with unimodal presentation and, thus, enhanced
performance. Interestingly, however, we found no differences in the variance
of numerosity estimation between unimodal and multimodal presentations,
suggesting that the integration process did lead to performance enhancement,
but not through the variance reduction predicted by current (Bayesian) inte-
gration models.



Not for further distribution.

Copyright American Psychological Association.

MULTIMODAL PERCEPTION AND SIMULATION 237

The Cost of Multimodal Integration

We have seen convincing examples of perceptual task improvement under
multimodal presentation conditions, generally for low-level perceptual tasks.
For such tasks, the benefits of multimodal presentation seem to outweigh the
cost of integration in terms of processing multiple resources. For higher level
perceptual tasks such as object recognition, multisensory integration may
come at a higher cost, for example, when information from different modalities
is derived from the same scene but with different scene orientations for differ-
ent modalities. Newell, Woods, Mernagh, and Biilthoff (2005) investigated
the visual, haptic, and cross-modal recognition of scenes of familiar objects.
Participants first learned a scene of objects in one sensory modality and were
then asked to detect positional switches between objects in the same or a dif-
ferent modality. Newell and colleagues found a cost in scene recognition per-
formance when there was a change in sensory modality and scene orientation
between learning and test and suggested that differences between visual and
haptic representations of space may affect the recognition of scenes of objects
across these modalities.

To What Extent Do Incongruent Tactile and Other
Sensory Modalities Interfere With Each Other, and
What Is the Role of Attention in Sensory Integration?

Sensory Integration Models

Various studies on human perception of incongruent sensory inputs have deter-
mined how one sensory system was biased by task-irrelevant stimulation of
other sensory systems. Some studies have shown an asymmetry of bias effects—
that is, the more “appropriate” system for a particular task seemed to dominate
less appropriate sensory systems. Guest and Spence (2003), for example, inves-
tigated the visuotactile assessment of roughened textile samples, in the pres-
ence of a congruent or an incongruent textile distracter, and concluded that
vision influenced touch more than touch-influenced vision. The results further
suggested that modality appropriateness was a function of the discriminative
ability of the modality as well as ecological validity. Obviously, the order of
dominance observed for temporal tasks does not seem to extend directly to spa-
tial tasks such as texture assessment.

Early qualitative perceptual integration models assume that the more
“appropriate” sensory system (i.e., most sensitive for the specific stimulus) domi-
nates the less appropriate system, in the most extreme form, the “winner takes
all” model (Welch & Warren, 1980). Other studies (Ernst & Bulthoff, 2004) have
found mutual influences that can best be explained by the assumption that
sensory signals are integrated with weights proportional with relative signal-
to-noise ratio (the reliability of the sensory channel). On the basis of this reliabil-
ity assumption, various quantitative probabilistic “ideal observer” models have
been developed to explicitly model multimodal perception.
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The maximum likelihood integration (MLI) approach by Andersen et al.
(2005) assumes complete integration of the sensory channels and, consequently,
that the sum of their weights equals 1. They found that early MLI (integration
before stimulus categorization) explained the perceptual integration of rapid
beeps and flashes better than late MLI (integration after categorization). Shams
et al. (2005) developed a Bayesian integration scheme that could account for
situations of partial integration in sound-induced flash illusions as well as com-
plete integration.

Bresciani et al. (2006) studied experimental conditions in which visual and
tactile signals were only partially integrated. They interpreted partial integra-
tion as a coupling between sensory channels and quantified the integration
process using a Bayesian integration scheme with a coupling prior (e.g., prior
knowledge about the probability that two sensory channel inputs originate
from the same source). The free model parameter “Coupling Strength” distin-
guishes the model of Bresciani et al. from those of Andersen et al. (2005) and
Shams et al. (2005).

The Complicating Role of Attention

Previous evidence on multimodal integration is based on experimental para-
digms in which the participants’ task was to ignore the “irrelevant” channel. This
was done to show that multimodal integration occurs even if you want to ignore
it. However, in such conditions, the strength of the integration and the ability to
ignore a channel are confounded. Therefore, we explicitly distinguish two effects:
(bottom-up) sensory system integration effects occurring in situations where both
modalities are attended, and (top-down) sensory system suppression effects by
selectively attending to the task relevant modality and ignoring the irrelevant.

Isolating Sensory System Integration

To disentangle bottom-up integration and top-down attention effects, Werkhoven,
van Erp, and Philippi (2009) carried out multimodal perception experiments
in which participants were exposed to incongruent sequences of visual flashes
and tactile taps in two conditions. In one condition (the cue condition), they
were instructed before stimulus presentation to report the number of events in
a particular modality and to ignore the other (i.e., the traditional paradigms, in
which sensory system integration and suppression effects are combined). In a
second condition (the no-cue condition), they were instructed on which modality
to report only after stimulus presentation and therefore could not ignore a chan-
nel (i.e., isolating the effect of sensory system integration). By comparing the
results, Werkhoven et al. (2009) could quantify to what extent sensory integra-
tion and selective attention influence whole or partial perceptual integration.
The effects measured were fission effects and fusion effects: The task-
irrelevant modality can increase (fission) or decrease (fusion) the number of
perceived events in the task-relevant modality. Results showed that no-cue
conditions yielded overall stronger fission and fusion effects than cue condi-
tions, indicating that previous studies were based on the combined effects of
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sensory integration and selective attention. Furthermore, in no-cue conditions,
the influence of vision on touch is stronger than the influence of touch on vision.
However, in cue conditions, irrelevant flashes are more easily ignored than
irrelevant taps. Together, these results suggest that the bottom-up influence
of vision on touch is stronger but that vision is also more easily suppressed by
top-down selective attention.

Consequences and Chances for Multimodal Simulation

So what has been learned so far? Because the experiments mentioned here
can at most be considered to be tiny pieces of a giant puzzle of perceptual
organization and because generalization of their results cannot be scientifi-
cally justified, we will just briefly speculate on some possible consequences for
multimodal simulation.

Our sensory systems are all optimized for specific aspects of the outside
world, often leading to different spatial and temporal characteristics. The cross-
modal biases for time interval estimation between the tactile and the visual sys-
tem, for example, are substantial. There is no right or wrong about an internal
representation of a sensory system; there are only differences. To make time
intervals congruent in simulated environments, we may have to adjust them a
little bit relative to each other.

Furthermore, we have seen that multimodal estimation can improve many
perceptual tasks, such as numerosity estimation. Improving numerosity esti-
mation was not trivial back in the 1940s. At that time, Taubman (1950) reported
that observers had difficulty adequately discriminating the short tones as part
of characters in the international Morse code. This problem arose not only for
the perception of auditory pulses, it also existed if the code consisted of flashes
of light (i.e., blinker code). We may not need to optimize Morse code any longer,
but the use of tactile displays (van Erp et al., 2006) to transduce informa-
tion through simple spatial and temporal patterns on the skin may certainly
benefit from this knowledge. The tactile vest has a wide range of current and
potential applications, varying from guidance for people who are blind or have
severe visual impairment, to spatial orientation in vehicles, to feedback dur-
ing revalidation, to sports feedback, to teleoperations, to entirely new forms of
multimodal touch-inclusive gaming.

Last but not least, we saw that incongruent stimuli can lead to illusory per-
cepts (e.g., illusory flashes or taps) due to automatic sensory integration pro-
cess. More specifically, the bottom-up interaction between sensory channels can
be asymmetric, and perceptual attention can have a strong top-down influence.
Such illusory percepts, when sufficiently understood, can be of interest to the
community of multimodal simulator designers. The simulation of some percep-
tual aspects can be constrained by technical limitations or can come at high
cost, similar to force feedback effects. In such cases, it may be interesting to find
alternative stimulus combinations that create the same (illusory) percept. It may
even allow for illusory percepts that cannot occur in the real world, such as the
“rubber-hand illusion” (Ehrsson, Spence, & Passingham, 2004).
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