Models and Limitations of Visuo-Haptic

Integration
Author(s) Paul George Lovell, Roberta Roberts,
Alan Wing
Date 29" March 2003
Ddl. /Task Identifier D3.1/T3.1
Work Package WP3: Touch & Vision
Partner(s) UBIRM, MPI-T, UNIPI

Work Package Leader UBIRM
Confidentiality Level Public

Abstract:
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1 Introduction

This brief report provides an overview of multisensory integration. We first consider
experimental evidence of this phenomenon and then summarise models attempting to explain
cross modal integration.

2 Sensory interactions between modalities

Information about external objects in our environment can come from multiple sources. These
sources may be from different sensory modalities, as when we have an impression of a
surface texture based on both sight and sound. Alternatively sources of information about
objects may come from within a single modality, as when we feel the shape of an object with
both hands. In both cases information comes from two or more sources that may differ in
some way, for instance there may be different receptors involved, different time scales for
stimulus coding and integration, and aso different brain regions responsible for processing
each source. Despite these differences our perceptua experience is normally unitary. We do
not perceive a separate touched and seen texture. Moreover touching with two hands does not
necessarily feel like sensory contact with two objects (Gibson, 1962). There is some evidence
suggesting that the spatial and tempora correspondence between multiple sources facilitate
their combination. It is important to examine in more detail the conditions under which
multiple sources of information from different modalities, as well as single modalities, are
used to influence perception.

Cueing

Studies of gpatial attention reveal spatial interactions between the modalities. These studies
demonstrate that changes in attention in one modality produce corresponding attentional shifts
in other modalities (see Driver & Spence 1998 for a review). For instance, presenting a non-
predictive tactile cue on the left or the right will result in enhanced up/down visud
discriminations when the visual and tactile stimuli are presented on the same side of space
(Spence & Driver, 1996). Similar cross modal effects are seen across combinations of vision,
touch and audition. The duration and strength of these effects are aso influences by delays
between the cues and the targets as well as whether the attentional shift was self directed or
drawn by an external event (see Driver and Spence, 1998 for areview).

There is a wealth of research showing that people integrate multi-sensory input that is
coincident in both space and time. Two well known of multi-modal effects on perception
examples include the McGurk illusion and the ventriloquism effect. In the McGurk effect the
perception of phonemes are altered by the sight of concurrent lip-movements (McGurk et a,
1976). The interaction of multiple sources is also seen in the ventriloquist effect in which a
speech or sound source is mislocalised to the moving lips.

As with sensory interactions and integration across modalities, there is evidence for the
importance of common location and temporal synchrony in processing signas within the
same modalities. This evidence comes from audition where a signals tempora and intensity
difference across the ears are used to enable accurate localisation of sounds (Moore, 1993) as
well as the separation of sounds into different repeating patterns (rhythms) (Turgeon and
Bregman, 2000). We may also combine multiple visual cues about a property of an object in a
manner similar to those outlined for combining vision and touch (Jacobs, 2002). Finaly,
temporal and spatial information may provide cues to combining information over different
fingers and hands in touch. For instance the work of Driver and Grossenbacher (1996) and
Lakatos and Shepard (1997) demonstrate that bilateral touch information is affected by the
relative spatial location of the stimulated body sites. The interference between tactile signals
on two different body sites increases as the distance between them decreases in external space.
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3 Psychophysical studies of integration between touch and
vision

Visua information can also be used in combination with proprioceptive information to derive
the position of our limbs position in space (van Beers et a, 1999). In addition visua and
haptic information can be combined to generate judgments about properties of externa
objects, such height (Ernst and Banks, 2002).

When multiple sources of information relating to the same object are available simultaneously
they may be integrated, to generate a percept that is some weighted combination of the input
from either source aone (Ernst and Banks., 2002; van Beers et al., 1999). This experimental
and modelling work demonstrates that the weighting of input from each modality depends
upon the extent to which it provides a reliable estimate of the objects property. In the case of
Ernst et a. object height and in the case of van Beers et a. hand position in space. The more
variable a source of information becomes (e.g. the more noise in sensory information) the less
it will contribute to the end perception. There is some evidence indicating that while access to
the individual sensory estimates might be preserved when the estimates come from different
modalities, thisis not the case when the sensory input comes from multiple sources within the
same modality (Hillis, Ernst, Banks and Landy 2002).

4 Neural correlates of cross modal fusion

Petrini et a. (in prep, appendix 1.a) used fMRI to examine those areas of the brain activated
during tactile recognition of faces, shoes and bottles. Both sighted and congenitally blind
individuals were tested in order to ensure that activity didn't simply reflect visua imagery.
They found that tactile recognition led to increases in activity in the inferior temporal lobe.
These findings were congruent with those presented by Amedi et al. (2001, 2002). However,
the inclusion of blind participants, suggests that activation isn't due to the activation of
existing visual memories. Petrini et al. argue that this activity suggests that the inferior
temporal lobe forms a supramodal representation of object form.

5 Theoretical issues in cross modal integration

Various models of cue integration exist; these are often placed on a continuum representing
the complexity of the mechanism underlying integration. In depth perception Landy et al.
(1995) describe a ‘weak observer’ and a ‘strong observer’ where the weak observer merely
caculates an average depth cue. This is contrasted with a ‘strong observer’ where the
integration processes are dynamic and modifiable through experience.

If a strong observer is accepted, then one must consider the mechanisms that determine the
relative weights of available cues. Jacobs (2002) suggests that a cues weight must be
proportional to its cue reliability in a given context. He suggests two potential mechanisms for
determining cue weights. Firstly, the estimated reliability of a cue is related to the ambiguity
of the cue, where ambiguity must be based upon the consistency of a particular cue in similar
situations. Secondly, the weightings of cues may be based upon the strength of their
correlations with other available cues.

One may infer, from the previous paragraph, that these alternative cue weighting mechanisms
are mutually exclusive. However, Jacobs describes experiments which support both accounts.
Triesch, Ballard and Jacobs (2002) manipulated the reliability of cues (colour, shape and size)
over time. They found larger weightings were assigned to cues that hadn’t changed in the
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recent past. Whereas smaller weightings were assigned to cues that had been unreliable in the
recent past.

Atkins, Fiser and Jacobs (2001) examined how observers used correlations between haptic
and visua (motion or texture) cues to judge (implicitly) their reliability. Observers relied
more on haptic and textural cues when motion cues were unreliable and relied on haptic and
motion cues when the textural cues were unreliable. This finding supports the hypothesis that
correlations between cues can be used to assess their reiability. In turn, the weightings of
unreliable cues can be reduced so that accuracy can be improved when cues are integrated. No
feedback was given to observers on the success or failure of their grasping movements, so
response distributions were unavailable. Hence cue correlation is the only means of changing
cue weightings.

6 Experience dependent variations in channel weightings

Ernst, Banks and Bulthoff (2000) offer evidence that haptic-feedback can cause changes in
the weights of visual signals comes from. They presented subjects with a virtual scene
containing a sloping surface defined by a haptic force-feedback device (phantom, Sensable),
texture gradient and binocular disparity. During a training phase haptic feedback was
congruent with either the retinal disparity or the texture gradient channel. When dslope
estimates where tested subsequently, estimates of surface slope where skewed towards the
visual channel that had been supported by haptic feedback. These changes in the channel
weightings persisted for at least twenty four hours.

Van Beers, Wolpert and Haggard (2002) found evidence of optimal integration in cues
informing our knowledge of hand position. Both proprioceptive and visual cues can inform
location judgements. For proprioception location estimates are most reliable through depth,
whereas for vision estimates are more reliable along the azimuth. Van Beers et a. found that
the relative weighting of these cues varies according to their reliability. During adaptation the
visually perceived location of the subjects finger was manipulated, such that the actual
proprioceptive location and the visua defined location differed either forward or leftwards.
After training the adaptation that subjects displayed was clearly different in depth and
azimuth, thus demonstrating that weight changes are sensitive to context.

Jakel and Ernst (in prep, appendix 1.b) have demonstrated that similar processes can account
for the integration of normally uncorrelated cues, such as softness and luminance. During
training subjects covertly learned to associate softness and luminance. During a testing phase
their performance reflected the integration of these normally uncorrelated cues.

7 Models of integration within and between modalities

Various cues are available which can signal depth, for example stereopsis, motion parallax,
kinetic depth effect, texture and shading. Landy, Maloney, Johnston and Y oung (1995) offer a
strong-observer model to explain how depth cues are integrated. Landy et al’s modified weak
fusion model (MWF) suggests that these cues may be combined after promotion). For Landy
et al., promotion involves transforming various depth-cues so that they may be meaningfully
combined. They accept that the reliability of these cues can vary according to the contents of
the scene; for example motion parallax is an unreliable cue when the observer and al objects
are stationary. Conseguently, each depth cue should be weighted according to its estimated
reliability; stronger cues should have a stronger influence upon depth estimates. They suggest
two modes of interactions between different depth signals. In the initial stage channels may
refer to one another in order to establish their own reliability. Once reliability the reliability of
channels is established, promotion can occur and subsequently the weighted cues can be
integrated.
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Ernst and Banks (2002) have attempted to identify conditions where weak fusion is optimal.
Integration of visual/haptic channels corresponds to that operation of minimum likelihood
estimation (MLE). For Ernst and Banks, visua and haptic cues estimates of object height are
weighted according to their reciprocal variances. The weighting of channels decreased as
noise was added to the signal carried by the channel. They suggest that where perceptua
properties are coded by populations of neurones, interactions between populations might give
riseto MLE integration.

The experimental results of van Beers et al. were compatible with their “direction dependent”
model (van Beers, Sittig and van der Gon, 1999). However, it may be appropriate to describe
the van Beers model as a specific instance of the Ernst et al. model. Both models vary weights
according to the relative reliability of sensory channels. The van Beers model is offered as an
account of a specific behavioural phenomenon, i.e. the interaction of visua and haptic
modalities in hand location. The Ernst et a. model as been applied to a number of sensory
modalities and to channels within these modalities.

8 Conclusions

1. Attentional cues to location have cross modal effects, suggesting capacity for integration
at early stages of processing.

2. Attentional binding across multimodal output channels is facilitated when cues are co-
located temporally and spatially.

3. The weightings of these channels reflect channel reliability. Where reliability is
determined by correlation with aternate channels, the success of estimates, the
distribution if estimates under similar circumstances.

4. These weightings can be modified by experience and integration can be invoked between
arbitrary signals.

5. Physiological evidence suggests a discrete substrate for these cross modal interactions.
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Neural Activity in Ventral Extrastriate Cortex during Tactile
Discrimination of Faces and Other Objects in Congenitally
Blind and Sighted Subjects

Petrini, et al.

Introduction:

Recently we have demonstrated distinct patterns of response in ventral temporal extrastriate
visual cortex to faces and objects that are widely distributed and overlapping (Haxby et al,
Science, 293:2425-2430, 2001). In the current study we investigated whether the
representation of objects in this cortical region is solely visual or is a more abstract
representation of object form that is independent of the sensory modality for perceiving that
form. To address this question, we examined the patterns of response €elicited by tactile
recognition of objects in sighted and congenitaly blind subjects. By studying sighted
individuals we could determine whether the locations and patterns of response evoked by
tactile recognition were related to the responses evoked by visua recognition. By studying
blind individuals who have no visua memories for faces and objects, we could rule out that
the responses evoked by tactile recognition in visual areas were merely the result of visual

imagery.

Methods:

We used functional magnetic resonance imaging (Gradient echo EPI, GE 3T scanner) to
examine neural activity elicited by tactile recognition of faces (life masks) and other objects
(shoes and bottles) in 4 congenitally blind adults and 5 blind-folded sighted subjects. In
aternating runs, subjects performed a oneback repetition detection task or a simple tactile
exploration task. The brain regions that showed significantly increased neura activity during
tactile recognition were identified in each subject. The category-specificity of patterns of
response within ventral tempora cortical regions was analyzed by examining between and
within category correlations between the patterns of response during repetition detection and
the patterns of response during simple exploration.

Results:

Bilateral activations of regions in ventral temporal and occipital extrastriate cortex were
observed in al subjects. In the sighted subjects, these regions also were activated during a
visual recognition task using the same object categories, but the volume of cortex activated by
tactile recognition was much less than that activated by visual recognition and that cortex
tended to have a more lateral distribution with the most consistently activated region in the
inferior temporal sulcus. Other regions activated by tactile recognition included the
cerebellum, the intraparietal sulcus and the sensorimotor cortex. The patterns of response
during tactile recognition of faces could be distinguished from those during recognition of
shoes or bottles based on higher within- than between-category correlations in both the
inferior tempora (IT) and ventra occipital (VO) cortex (see Figure).

Conclusion:

Tactile recognition activated a large distributed network of cerebral and cerebellar cortical
regions which included visual extrastriate regions in inferior temporal and ventral temporal
cortex. In sighted subjects these temporal areas that were activated by tactile recognition

10
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were also activated by visual recognition of the same object categories. Interestingly, the
portion of visually-responsive cortex activated by tactile recognition was greater in inferior
temporal cortex, and within inferior temporal cortex, tactilely-responsive cortex came
predominantly from areas that responded more during visual recognition of bottles and shoes
than during visual recognition of faces.

The patterns of response in these extrastriate regions were category-related. The category-
related nature of these patterns was demonstrated by examining whether the pattern of
response evoked by faces was reproducible across two tactile recognition tasks and distinct
from the patterns of response evoked by the manmade objects and vice versa. The patterns of
response in inferior temporal cortex that were evoked by tactile recognition of faces and
objects were significantly category-related in sighted subjects and showed a trend towards
being category-related in the blind subjects. The patterns of response in ventral temporal
cortex during tactile recognition were significantly category-related in only the blind
subjects. In sighted subjects, the patterns of response during tactile recognition of bottles and
shoes in inferior tempora cortex were significantly correlated to the patterns of response
during visua recognition of the same object categories. The pattern of response during tactile
recognition of faces, however, was not related to the pattern of response evoked by visua
recognition of faces.

These results indicate that tactile recognition of manmade objects evoke representations in
visual extrastriate cortex that are similar to those evoked by visua recognition of the same
objects. This crosssmodal similarity was demonstrated for neural activity in the posterior
inferior temporal gyrus. We have shown previoudly that cortex in the inferior temporal gyrus
tends to respond more strongly to small, manmade objects, such as chairs and shoes, than it
does to faces, animas, or houses (Ishai et a. 1999); and the cortex in this region that
responded during both visual and tactile recognition was predominantly from regions that
responded more to bottles and shoes than to faces. This region is part of a larger region
that Malach et al. have called LO (Maach et al. 1995), for lateral occipital area, that responds
more to meaningful stimuli than to nonsense images. They found that this region contains
cortex that responded during both visual and tactile recognition of meaningful objects as
compared to tactile or visua textures, which they named LOtv (Amedi et a. 2001, 2002), and
the location of this crossmodal region is essentially identical to the region of overlap between
visual and tactile activation in our study (differences in Talairach stereotaxic locations were 5
mm for the sighted subjects and 9 mm for the blind subjects). Furthermore, Amedi et al.
(2002) showed that the cortex in LOtv responds more to small, graspable objects as compared
to faces or scenes, consistent with our results. Our findings showed, first, that the patterns of
responses in temporal cortex during tactile recognition are category-related, as we had shown
previousy in the visual modality (Haxby et a. 2001). Furthermore, our findings
demonstrated that the category-related patterns of response in inferior tempora cortex to
manmade objects are cross-maodal, suggesting that they represent the same aspects of object
form regardless of the sensory modality through which that information reaches the cortex.
Tactile recognition of faces, however, does not appear to evoke the same representations that
are evoked by visua recognition of faces. Cortex in ventral and inferior temporal cortex that
responded maximally to faces during visual recognition tended not to be activated during
tactile recognition of faces or other objects. The activity that was evoked by tactile face
recognition was not related to the pattern of response during visual face recognition. Subjects
reported that they found it difficult to form an image of the whole face during tactile
recognition. Instead, they tended to focus on single features, such as the chin or nose, to
perform the one-back repetition detection task, despite the task manipulations designed to
induce the formation of a representation of the whole object (see Methods). Subjects also
reported that they made no use of the eye region for tactile recognition. These subjective
reports and the imaging results suggest that during tactile recognition of faces, subjects
processed the faces more like other objects than like holistic face configurations. Even within
the visual modality, face inversion impedes configural face processing (Yin, 1969) and results



TOUCH-HapSys Models and Limitations of Visuo-Haptic Integration

in increased activity in extrastriate cortical regions that respond more to nonface objects than
to faces (Haxby et a. 1999).

Previous studies have shown that another form of tactile recognition, braille reading, activates
ventral temporal areas in subjects with both congenital and acquired blindness and that
subjects with acquired blindness also show activation of primary visual cortex during tactile
braille reading (Blchel et al. 1998a, 1998b; Sadato et al. 1996, 2002). In the current study we
found that tactile recognition of faces and common objects also activated occipital visual
areas and, furthermore, that the volumes of occipital activations were greater in the blind than
in the sighted subjects (24.3 vs 7.7 cc, p < 0.05). We also found significant category-related
patterns of response in the ventral temporal cortex in the blind but not in the sighted subjects.
These results suggest some plastic functional reorganization of these visual cortices in blind
subjects which enables them to use more of these cortices to support tactile recognition of
objects (Sadato et al. 1996; 2002).

Our findings, as well as previous findings (Amedi et a. 2001, 2002), however, show that
sighted subjects al'so make use of visual cortices during tactile recognition, in particular in the
inferior temporal gyrus, suggesting that plastic reorganization due to sensory deprivation is
not the necessary precondition for the participation of cortex in the ventral object vision
pathway during tactile recognition. Although this effect in the sighted subjects may reflect
mediation of tactile recognition by visual imagery (Sathian & Zangaladze 2002; OCraven &
Kanwisher, 2000; Ishai et al. 2000), such an explanation cannot account for the use of these
cortices in blind individuals who report no visual memories. Thus, a more parsimonious
account would attribute the participation of extrastriate visual cortices during tactile
recognition to the same process in both subject groups, which we propose is a more abstract,
supramodal representation of object form. The supramodal nature of the representation of
object form in inferior temporal cortex may explain how individuals who have had no visual
experience are able to acquire normal knowledge about objects and interact effectively with
their external world

12
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