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Abstract
When we interact with objects in our environment, as a general rule we are not aware of the proximal
stimulation they provide, but we directly experience the external object. This process of assigning an
external cause is known as distal attribution. It is extremely difficult to measure how distal attribution
emerges because it arises so early in life and appears to be automatic. Sensory substitution systems
give us the possibility to measure the process as it occurs online. With these devices, objects in our
environment produce novel proximal stimulation patterns and individuals have to establish the link
between the proximal stimulation and the distal object. This review disentangles the contributing
factors that allow the nervous system to assign a distal cause, thereby creating the experience of an
external world. In particular, it highlights the role of the assumption of a stable world, the role of
movement, and finally that of calibration. From the existing sensory substitution literature it appears
that distal attribution breaks down when one of these principles is violated and as such the review
provides an important piece to the puzzle of distal attribution.
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1. Distal Attribution

As we move through the world, we are directly aware of external objects not
the proximal stimulation they provide at our receptors (Crick and Koch, 1995;
O’Regan, 1992). For instance, changes in air pressure or vibrations arriving at
our cochlea are perceived as arising from an object in the environment (such
as a moving car) rather than from the cochlea itself. In this instance, proxi-
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mal patterns of stimulation (e.g., vibrations in the cochlea) are perceived as
having an external cause (e.g., the car). What are the cues necessary for this
assignment to emerge?

1.1. Definition

Distal attribution, also known as externalisation, occurs when we experience
a pattern of stimulation and assign the cause of this stimulation to an object,
stimulus, or event located in external three-dimensional space. This process
allows us to make sense of the world around us. When proximal stimulation
(i.e., stimulation received at the receptor surface) is not assigned an external
cause, it gives rise to a mere sensation, not the perception of an object located
at a distance. Therefore understanding how distal attribution emerges is key to
understanding the distinction between sensation and perception.

1.2. The Problems in Investigating Distal Attribution

The process of distal attribution is so automatic and present so early in life that
it is extremely difficult to investigate it objectively or even to understand how
it emerges (Bach-y-Rita, 2002; Loomis, 1992). Studies attempting to under-
stand the phenomenon of distal attribution have therefore relied upon instances
where distal objects give rise to novel proximal stimulation patterns, as hap-
pens with the use of sensory substitution devices (SSDs from now on) (Auvray
et al., 2005; Bach-y-Rita, 1972; Bach-y-Rita et al., 1969; Epstein et al., 1986;
Loomis, 1992; von Békésy, 1955; White et al., 1970).

To introduce them, SSDs were initially designed to assist or replace specific
functions of a deficient sensory modality by providing corresponding informa-
tion to an alternative sensory modality. This can be achieved by converting the
stimuli normally sensed through the deficient modality (e.g., light for SSDs
compensating for vision) into stimuli accessible to another sensory modality
(e.g., tactile vibrations or sounds). Since their inception in the sixties various
kinds of devices have been developed, tested, and shown to allow their users
to behave to some degree as if they possessed the substituted sensory organ
(see Auvray and Myin, 2009; Bubic et al., 2010; Deroy and Auvray, 2012, for
reviews). For instance, thanks to visual-to-auditory and visual-to-tactile con-
version systems, blind individuals report being able to localize and recognize
objects in three-dimensional space (e.g., Auvray et al., 2007; Bach-y-Rita et
al., 1969; Levy-Tzedek et al., 2012). Sensory substitution offers a novel way
to investigate how distal attribution emerges because with sensory substitution
devices the boundary between proximal- and distal-attribution is blurred. Such
devices provide the unusual circumstance in which the perceiver initially ex-
periences a proximal pattern of stimulation and, after training, perceives this
same pattern as a distal event (Bach-y-Rita, 2002).
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1.3. Review Objectives

With SSDs, it is possible to observe how users transform the proximal stim-
ulation rendered by the device into an experience of external objects. In such
mediated perception (similar to the non-mediated kind), if we fail to assign
a distal cause, we would no longer have a perceptual space corresponding to
physical space, but we would be left with the sensation only. Therefore, as
was mentioned above, understanding how distal attribution emerges, in both
instances, is crucial to understanding perception itself. When distal attribution
fails to emerge with SSDs, the users do not establish the corresponding hy-
pothesis of a distal cause of the sensation (e.g., Bach-y-Rita, 1972; Epstein et
al., 1986). The literature to date has not directly addressed the link between
prior beliefs of an external stable world and the process of distal attribution.
Here we will explore the role of such assumptions in the emergence of dis-
tal attribution using SSDs. Furthermore we will identify three components
essential for distal attribution to emerge: movement with its consequent feed-
back about the world, calibration of space, and the prior of a stable world.
In turn this will allow us to reconcile how the use of distance perception
as synonymous with distal attribution has changed our approach to testing
distal attribution with SSDs. We would suggest that distance perception is a
bi-product of the distal attribution process and that both phenomena depend
on a prior of a stable world (e.g., Glennerster et al., 2006; Knill, 2007).

2. Establishing External Space

2.1. Problems of Establishing External Space with SSDs

As was noted above, SSDs allow us to sense distal objects by providing novel
proximal stimulation that corresponds to the external object at an alternative
receptor surface. As such, the novel perceptual space that emerges is not nec-
essarily a function of the same assumptions, regularities or spatial maps as
those underpinning non-mediated perception. Through the SSD interface, ob-
servers have to re-learn the relationships between the experienced pattern of
stimulation and the properties of the external objects. When distal attribution
of proximal stimulation does not occur in SSD space, it is possible to see how
prior beliefs fail to transfer and how the process of distal attribution breaks
down. For example, if a proximal pattern of stimulation is experienced on the
skin and is derived from interacting with a teacup 0.5 meters away, then the
observer needs to re-establish the relationship that links the received proximal
patterns to the teacup. If only the proximal pattern is experienced, i.e., without
its link to the external object, then the perceiver does not experience external
space and as a consequence no distance estimate can be derived.
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On the other hand, if the observer has no reason to assume that the experi-
enced pattern represents an object 0.5 meters away, then the mere experience
of tactile vibrations, i.e., the lack of distal attribution, is the most parsimonious
interpretation of the incoming stimulation. In a recent study, Siegle and War-
ren (2010) investigated the perceived distance of objects experienced through
a minimalistic SSD. Participants were divided into two groups and performed
the task under two different conditions: observers were asked either to focus
their attention on the proximal stimulation on the body surface or, in the sec-
ond condition, they were asked to focus their attention on the distal source.
Blindfolded participants observed a target light using a device consisting of
a single finger-mounted photodiode that drives tactile vibration on the back
whenever the finger points at the target. After active exploration of their en-
vironment, participants had to move a reference object (experienced without
the SSD) to match the perceived egocentric distance of the target. The partici-
pant group who were instructed to focus their attention on the distal object had
higher performance than the group who focused their attention on the proxi-
mal stimulation during the task. However, while Siegle and Warren’s study
clearly showed a difference in performance between the two groups, this dif-
ference could be the result of attention rather than distal attribution per se. In
non-mediated perception both externalisation and distance estimation depend
upon the prior of an external world. Although the two can be conflated, as in
Siegle and Warren’s study, it is important to understand their relative contri-
butions to our construction of an external space. In the following sections we
will discuss what is known about the emergence of the concept of space in
non-mediated perception and then turn to the role of such processes in SSD
space.

2.1.1. The Emergence of Space During Non-Mediated Perceptual Processing
We do not have direct access to the physical world. When we move our ner-
vous system is provided with feedback about its current environment. Thus
what we have access to are the relative changes in position of our sensory
organs (e.g., our eyes or hand), and the consequent changes in sensory in-
put. The consequence of movement is that our senses acquire a sequence of
stimulation patterns. The information from this sequence is sufficient to deter-
mine the structure of 3D space (e.g., Glennerster et al., 2006; Graham, 1989).
Therefore we can experience space through the simple relationship between,
for example, the distance the eyes have moved and concurrent changes in sen-
sory stimulation. Thus our experience of an external world depends upon our
ability to account for the effects of self-generated movement on changes in
proximal stimulation. When the two are correlated in time, the sensory input
can be experienced as objects in external space. In a Bayesian sense, the ner-
vous system has a remarkable ability to detect statistical correlations between
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sensory inputs and receptor states and it can use this information to form per-
ceptual representations of the external world.

To minimise the cost of keeping track of the changes, the nervous system
can establish the likelihood that a given sensorimotor relationship indicates
a particular physical object and thus predict the influence of other explo-
ration patterns. Previous research suggests that the cost of keeping track of the
changes can also be minimised by integrating prior knowledge we have about
the world and the physical laws that constrain objects therein (e.g., Glenner-
ster et al., 2006; Hayward, 2011; Loomis, 1992). To map proximal stimulation
to objects in external space, the nervous system has to have an assumption that
there is an external world. Inherent in this is the belief that the world is stable
and that any physical object can only change its position (according physical
laws) or its state (according to the laws of nature).

When space emerges from our interactions with the environment, the num-
ber of spatial dimensions that we perceive depends upon the sensor we use to
detect the incoming information: perception of objects in depth is most eas-
ily accessed through vision, audition and haptics/kinaesthetic. In his seminal
work, “The World of Touch”, Katz (1925) suggested that touch has many of
the capabilities of a distal or ‘far’ sense, such as vision and audition (see also
Krueger, 1970 for a summary of Katz’s work). However, spatial properties of
objects, such as their distance from the observer, are readily available through
the ‘far senses’ but not to the other senses and in this way our experience of
space depend on the sensory receptor stimulated. For tactile perception, attri-
bution to a distal source or to the body surface can differ depending on the
circumstances: Active exploration via touch tends to promote distal attribu-
tion, whereas passively received tactile input to the skin are more likely to be
experienced as coming from the body itself (Gibson, 1962; Katz, 1925). If vi-
sual information is converted into a tactile code then the ability to passively
experience depth depends on remapping this property into a property acces-
sible to the skin. Therefore, it is important to consider how the perception of
external objects changes when we use a SSD. One issue is that in non-mediated
perception, experience consolidates the mapping between the proximal stim-
ulation and its distal object over time. In SSD space novel mappings emerge
and need to be consolidated over time. Moreover, the information experienced
via the device needs to be aligned with information coming from other sensory
modalities.

2.1.2. Maintaining Spatial Relations when Going from Physical to
Perceptual Space
In order to survive, organisms need to correctly locate objects in space, orient
to them, or flee from them. To aid in this response optimisation, humans and
other animals have evolved spatial maps or fields that organise the incoming
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information according to the spatial relations among physical objects. Each
sensory modality has its own map and set of coordinates. The nervous sys-
tem establishes spatial maps at low-level processing sites and all perceptual
information is segregated according to these maps throughout the processing
hierarchy. To be beneficial to behaviour, information from the different maps
needs to be aligned such that a coherent object localisation emerges despite
different sensory co-ordinates. Animal research indicates that neurons at mul-
tisensory sites such as the SC and the VPM cortex code the object location
relative to the receptor used and furthermore that different sensory maps are
aligned (e.g., Graziano et al., 1999; Lee and Groh, 2009). When an auditory
signal is moved in depth, neurons in the monkey’s ventral premotor cortex
are selectively tuned to respond maximally to specific locations in physical
space (Graziano et al., 1999). Through the selective responses a neural spa-
tial map is established in the premotor cortex. Critically, these neurons, unlike
those in A1 or visual areas, also respond to visual stimuli located in the same
external co-ordinates. Animal and human research alike suggests that these
maps are critical to our perceptual representation of space and spatial relations
(Graziano et al., 1999; King et al., 2001; Moore and King, 1999; Poggio and
Fisher, 1977).

We acquire information about the world from all of our senses. Our ears
detect air pressure changes, our eyes monitor light patterns, our skin reports
the pressure of objects impinging on it, and our nose and mouth measure the
chemical content of our current environment. Despite the variety of routes that
sensory information can take to get to our brains, we tend to experience the
world as a unified entity. We are also capable of recruiting different types of
sensory information for the same purpose, irrespective of which sensor was
initially responsible for detecting the information. Given this, proximal stim-
ulation through a SSD should potentially correspond to the experience of an
object located in external space. Although distal attribution through SSDs has
been the subject of many studies, most research has focused on the behavioural
changes and therefore there is no information relating spatial map organisation
to perception of spatial properties of the world during SSD use. It remains to
be seen which maps will be recruited for coding the incoming information and
how the interactions with the objects in 3D space are altered. One possibility is
that perception mediated by a SSD, produces similar neural changes as those
occurring in sensory deprivation (see Knudsen, 1999) and the consequent re-
cruitment of a different sensory pathway to process incoming information.
That is, the maps recruited to organise the proximal stimulation would corre-
spond to those of the functional modality. In any case, for distal attribution to
emerge the nervous system needs to adapt to the novel sensorimotor mappings
and thus re-establish external space. Whether and how this changes the neu-
ral processing is not yet completely understood. The interesting aspect for the
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current review is how the possible changes in sensory information would be
organised to maintain spatial relations.

3. The Process of Distal Attribution

The distinction between proximal stimulation and attribution of this stimula-
tion to an external object requires the assumption of an external world (e.g.,
Epstein et al., 1986). This may seem an obvious statement. Indeed it is. How-
ever, not addressing such assumptions alters how we define the key principles
or mechanisms underlying distal attribution. Many studies have explored the
question of how distal attribution arises during SSD-use. Early studies were
based on qualitative reports (e.g., Bach-y-Rita et al., 1969) whereas later stud-
ies used different measurement techniques, differing not only in their objec-
tivity, but also in whether participants had direct knowledge of external space
or only the sensory substitution space (e.g., Epstein et al., 1986; White et al.,
1970). Each measurement technique has advantages and disadvantages. But
here we focus on how embedding the assumption of an external world in the
task itself, as opposed to defining space as purely an internal entity, alters the
attribution process. We will address how valid the SSD data are in informing
us about the process of distal attribution itself. We will then define the essential
components influencing distal attribution. The factors involved in this process
are: (1) the prior of a stable world; (2) the link between self-generated move-
ment and the resulting sensory stimulation patterns and the additional laws
of movement necessary for spatialisation (i.e., reversibility and interposition);
and (3) the role of calibration in establishing and maintaining an experience of
external space.

3.1. The Problematic Aspects of SSD Measures for Understanding the
Process of Distal Attribution

There are numerous verbal reports from participants in SSD studies that detail
the emergence of distal attribution after prolonged SSD-mediated experience
(Bach-y-Rita et al., 1969). That is, SSD-users report experiencing objects in
the environment and this tends to dominate the proximal stimulation afforded
by the device (Bach-y-Rita, 1972; Lenay et al., 2003; Segond et al., 2005).
More particularly, SSD-users have indicated that, as a consequence of train-
ing, they no longer feel the tactile stimuli on their skin, where they occur, but
interpret them directly as an object located in external space (see Bach-y-Rita,
2002). One well-cited verbal report comes from Guarniero, a blind philosophy
student, after training with the TVSS: “. . . very soon after I had learned how
to scan, the sensations no longer felt as if they were on my back, and I became
less and less aware that vibrating pins were making contact with my skin. By
this time objects had come to have a top and a bottom; a right side and a left;
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but no depth — they existed in an ordered two dimensional space.” (Guarniero,
1974, p. 104).

One issue with verbal reports is that they cannot be verified in the way
an objective measure can (e.g., a left–right judgment). Although these verbal
reports indicated that distal attribution emerges in SSD space after training,
there was no additional measure to specify how it emerged. That is, it remains
unclear whether these reports reflect a genuine perceptual experience of distal
objects or a cognitive inference based on perceived patterns in the proximal
stimulation. The techniques used to address the question of distal attribution
via SSDs have improved since the inception of the devices. In the following
sections we will highlight the assumptions and cues to distal attribution that
have emerged from the existing studies.

3.2. The Role of the Prior of a Stable External World

To externalize proximal stimulation we need to assume the existence of an ex-
ternal world. Without this prior belief (or assumption) that the external world
is a stable entity, neither distal attribution nor the explicit distance estimates of
the distal object would be possible. As mentioned above, when we explore
the world, we do not have direct access to the objects in space. What we
have access to are the proximal patterns of activation and our own movements
(Merleau-Ponty, 1945). The nervous system compensates for the distortions
in incoming stimulation, due to movement, and manages to maintain the ex-
perience of a stable world and of the objects therein. The prior of an external,
stable world is essential to this process. This prior posits that objects are stable.
Inherent in this is that if an object changes it can only change its state (accord-
ing to the laws of nature) or its position (according to the laws of physics).
When a change is inconsistent with either positional or state changes in the ob-
ject itself, the parsimonious assumption is that observer-generated movement
must have caused the change in incoming information. These kind of changes
can easily be correlated with the efference copy of the observer’s movement
and therefore compensated for. The compensation phenomenon is known as
perceptual constancy (e.g., Gregory, 1963). This mechanism suggests how the
distal object is maintained, not how it emerges. Below we consider the relative
contribution of this prior compared to that of the signal-receptor interaction to
shaping the experience of an external world.

One way to explore this is to look at the modality specific constraints to
distal attribution and measure their influence. If modality specific constraints
prevent attribution to a distal source then it is reasonable to assume that the
process is not amodal in nature but depends on cues that are modality specific.
For example, visual-to-tactile SSDs may provide inputs that obey visual laws
or principles. Yet, it is also possible that such constraints do not apply to the
tactilely sensed information. There is a vibrant discussion addressing this is-
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sue of whether the novel emergent perceptual space is defined by either the
substituting or substituted modality, or something else altogether (Auvray and
Myin, 2009; Deroy and Auvray, 2012: Loomis et al., 2012).

Feedback about the world (the result of an action/perception loop) makes
it possible to establish the mapping between self-generated movement and
changes in the proximal stimulation. One question is what is altered in our rep-
resentation of space when information is remapped from one sensory modality
to another with SSDs? Using a visual-to-tactile SSD, Epstein et al. (1986) de-
livered patterns of vibrotactile stimulation to the participants’ index fingertip.
They assessed how the participants attributed the transformations of vibrotac-
tile stimulation as a consequence of self-generated movement. Attribution was
measured through asking participants to rate how well a variety of scenarios
matched what they experienced. Analysis of the ratings from these scenarios
revealed that although the participants became aware of the relationship be-
tween self-generated movement and stimulation transformations, they never
chose the scenario that corresponded to the real set-up, i.e., the SSD set up.
The authors concluded that their participants had not developed the hypoth-
esis of distal sources, that is, the hypothesis that the ultimate cause of their
vibrotactile experience was an encounter with an object in an external world.
Here we see an example in which no distal cause is assigned probably be-
cause participants do not have an assumption that the stimulation is part of an
external world.

However, a second study by Auvray et al. (2005), using a visual-to-auditory
sensory substitution device (the Vibe, see Hanneton et al., 2010) and a similar
method to that of Epstein et al. (1986) demonstrated that people appeared to
be able, under certain conditions, to attribute stimulation to a distal object. In
this study, the scenarios were re-written in order to determine which compo-
nent of distal attribution the participants reached: the existence of a correlation
between their movements and the resulting sensory stimulation (coupling), the
existence of an object that caused their sensations (object), and the existence
of external space produced by this coupling (space). In the conditions in which
there were no additional cues to that provided in Epstein et al.’s study, partic-
ipants in Auvray et al.’s study similarly failed to reach the hypothesis of a
distal cause although participants indicated that they experienced a sensori-
motor coupling between their own actions and the sensed information.

In this case, the device rendered the objects in such a way that they could
plausibly exist independently of the existence of external space. However, in
a second condition Auvray et al. gave their participants a cardboard sheet that
they could use as an occluder. The cardboard served as an occluder because
by moving the sheet vertically participants could interrupt the source of stim-
ulation. As such intermittent calibration of external space occurred because,
if the cardboard could interrupt the source of stimulation, it must therefore be
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located behind the cardboard, i.e., in external space. These two studies demon-
strate the importance of (a) the assumption of an external stable world and
(b) the ability to interact with that world and account for the perturbations
caused by the interactions.

Other studies used both 2D and 3D spatial estimates (White et al., 1970)
and egocentric distance estimates (Siegle and Warren, 2010) to specify the
external world. As such they invoked the stable world prior, which informed
the way users made sense of the SSD input. White et al. (1970) observed
that SSD users were able to estimate the slant of a tactually sensed visual
object. That is, they had access to the third dimension of external space in their
novel perceptual space. Siegle and Warren tested whether observers were more
veridical in distance estimates when they focused on the proximal patterns of
stimulation or on the distal object. Both the study by White et al. (1970) and
Siegle and Warren (2010) demonstrated improvements in performance when
observers assumed an external 3D world. From the work mentioned so far it is
possible to see that SSDs offer a unique opportunity to study distal attribution
as it emerges. However, as discussed here, the SSD studies also have their
limitations.

3.3. The Role of Movement

What are the cues necessary for the nervous system to assign a distal cause to
the proximal stimulation at a receptor surface? Many studies note the impor-
tance of movement (e.g., Bach-y-Rita et al., 1969; Haynes et al., 1965; White,
1970): In all SSD studies, active exploration of the environment is necessary to
establish the existence of external space. During exploration the organism can
determine the mapping between changes in the incoming stimulation and its
self-generated movements (Auvray et al., 2005; Bach-y-Rita et al., 1969; Hur-
ley and Noë, 2003; Loomis, 1992; O’Regan and Noë, 2001; von Békésy, 1955;
White et al., 1970). Movement also allows us to account for deformations
that are derived from self-generated movement or physical displacement. For
example, spatial position of physical objects is mapped onto retinal location
when objects are sensed visually. If an external object caused the stimulation
pattern then eye movements should alter the retinal location of the object;
whereas if the input is not linked to a position in external space, then eye-
movements should have no impact on the perceived location of the stimulation.
For proximal attribution on the other hand, incoming sensory information and
your efference information should not be correlated. For example, the locus of
pain in your fingertip remains at your fingertip even if you move your finger
relative to the rest of your body. Therefore being able to account for changes
in feedback about the environment as a consequence of exploring it is essential
for externalisation of the proximal stimulation.
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3.3.1. Space from Eye Movements
If we take the example of visual processing, the retinotopic coding of the eye
might suggest that the location can be read off from the receptor array, yet the
retinal image is not the only source of spatial information. Important contribu-
tions to the updating of spatial representations come from efferent oculomotor
signals (von Helmholtz, 1925), as revealed by experiments in which stimuli
are displayed immediately before or during saccades (Hallett and Ligthstone,
1976; Wurtz, 2008). The role of local movement patterns coupled to afferent
information could also be derived from the extra-ocular muscle propriocep-
tion as was suggested by Sherrington (1918). However, experimental evidence
on the function of eye proprioception has remained controversial (Donaldson,
2000), leading to the idea that this signal is primarily used for oculomotor cal-
ibration and learning rather than for spatial representation (Lewis and Maler,
2001; Poletti et al., 2013). However, in a first instance the correlation can
be used to define stimulation in external co-ordinates. Extra-retinal signals
can consequently calibrate this space. Whether the correlation between the
extra-ocular muscle movement and the retinal image combined is sufficient to
experience 3D space without early calibration from touch is still a contentious
issue (e.g., Gori et al., 2010).

When we consider space perception, we usually refer to the process through
which humans and other organisms become aware of the relative positions of
their own bodies and objects around them. Space perception provides cues,
such as depth and distance, which are important for movement and orientation
in the environment. At a functional level if we consider that space emerges
in the interaction between the organism and its environment (e.g., Terekhov
and O’Regan, 2013) then spatial perception is derived from the organism
establishing the relationship between action and the resulting stimulation pat-
terns. Furthermore, the ability to perceive different spatial dimensions depends
upon the constraints of each sensory modality to move within two or three
dimensions. In the case of the latter, what assumptions constrain the space
that emerges through SSD-information? How do these assumptions differ
from those derived by exploration and perception during unmediated circum-
stances? To tentatively address these questions let’s consider the experience of
three-dimensional space during normal development. In a series of intriguing
studies into spatial constancy, Bower (1964, 1965, 1966a, b) explored whether
infants perceive only the retinal projection or the external object. Using gener-
alization of operant responding to assess discrimination, Bower demonstrated
that two-month-old infants see the constant real size and shape of an unfamil-
iar object despite variation in its projective size and shape produced by altering
distance and slant. In addition, consistent with processing of visual objects in
adult humans, these infants detect variation in the object’s physical size and
shape when its angular projection remains constant. This evidence for object
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representation in such a young developing nervous system suggests that attri-
bution of the proximal stimulation to a coherent external object is present in
pre-crawl infants. Thus, simple eye and head movement appear to be sufficient
to establish an external cause of the proximal stimulation patterns.

Similar findings (e.g., Caron et al., 1978; Shuwairi et al., 2007) also high-
light some of the behavioural changes (and the corresponding evoked poten-
tial changes) that allow somatosensory externalization (Rigato et al., 2014).
Rigato et al. (2014) provided recent insights into how the developing nervous
system establishes the external location of visual and somatosensory objects
and re-maps the proximal stimulation (in receptor coordinates) into external
coordinates. These authors demonstrated that making the transformation from
proximal stimulation to an external source occurs slowly during the first year
of life, and involves not only neural response changes but the ability to update
for postural changes in the infant’s own body representation. Therefore infants
require knowledge about effector position changes in order for them to be able
to externalise incoming patterns of stimulation.

The knowledge derived from movement, both for distance perception and
distal attribution is the corner stone of the sensorimotor tradition (e.g., O’Re-
gan and Noë, 2001). From a more traditional viewpoint, von Helmholtz (1909)
also observed its importance: “It is only by voluntarily bringing our organs of
sense in various relations to the objects that we learn to be sure as to our judg-
ments of the causes of our sensations. We explain the table as having existence
independent of our observation because, at any moment we like, simply by as-
suming the proper position with respect to it, we can observe it.” It should be
mentioned that this necessity of a structured correlation between actions and
sensations in order to allow distal attribution was nicely anticipated by Condil-
lac (1754). If we were only able to passively receive sensations, we would not
understand that these sensations refer to objects that exist in an external world.
Indeed, if all our knowledge about the world came from our sensations, and if
sensations were just passive modifications of our minds, how could we infer
the existence of an external world? For Condillac, our exploratory movements
allow us to extract the spatial organisation present in our sensations; it is this
spatial organisation of the objects in the world that allows us to consider them
as external. In other words, spatialisation and object-hood emerge simultane-
ously.

It should be noted that the movement necessary to reach distal attribution
goes beyond a mere coupling between sensation and actions; it must also re-
flect a group structure. In other words, the experience of external space cannot
be reduced to correctly extracting the existence of a coupling between ac-
tion and sensation. Indeed, understanding a correlation between self-generated
movements and their resulting stimulation involves understanding that differ-
ent actions give rise to different sensations. There is a space of displacements
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when the same actions can give rise to different sensations, and when differ-
ent actions can give rise to the same sensation. For instance, von Helmholtz
(1909) highlighted that actions that can cancel each other from the viewpoint
of sensory inputs determine a mathematical group structure, and properties of
such a group characterize displacements within a geometrical space. The same
sensation obtained by different actions can then be understood as “position” of
an object. This was concisely explained by Poincaré (1905) according to who
reversibility is the only way to differentiate a change in state from a change in
position.

Movement along multiple axes is useful for establishing the existence of
external objects. With SSD study results, it is tempting to try to disentangle
which movement trajectories are most useful in this process, e.g., translation
(changing the position of an object), or rotation (circular movement around a
centre point). Comparing the movement type (translation and rotation) across
studies demonstrating either distal attribution or a lack thereof, however does
not lead to a definitive picture. Both Siegle and Warren (2010) and Epstein
et al. (1986) allowed observers to translate the sensor through space. In one
case the consequent vibrotactile pattern was attributed to an external object
(Siegle and Warren, 2010) while in the other, no distal attribution emerged
(Epstein et al., 1986). As such we can simply conclude that correlated changes
between self-generated movement (even with a camera end-point) and sensory
feedback are necessary, without being able to classify the optimal motion type.
However, the essential difference between the two studies for this review is
that Siegle and Warren’s study involved the prior of an external world whereas
Epstein et al.’s study did not, suggesting this prior to be an important factor
for distal attribution.

3.4. Calibrating and Maintaining External Space

We have discussed the importance of a prior of a stable world and the role
of movement in the emergence of distal attribution. In the following sections
we address how our experience of external space is maintained via sensory
calibration and spatial maps in non-mediated perception. Although a lot is
known about the role of calibration of space for information that is conveyed
by functional sensory modalities (e.g., King et al., 1988; Knudsen, 1999; Lee
and Groh, 2009), the role that calibration plays in maintaining an experience
of external space in SSD environments has been rather neglected. In the fol-
lowing two sections we discuss how calibration operates for perception in
non-mediated conditions and then postulate its possible role in SSD-mediated
external space.

3.4.1. The Potential Role of Calibration
All measurement systems require calibration to become and remain accurate.
Our perceptual system is no different. Calibration, in the case of our senses,
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usually refers to the process of adaptation as a way of producing environ-
mentally geared behaviour (Mon-Williams and Bingham, 2007). While this is
particularly critical in vision given that our visual system has no direct access
to attributes such as distance, solidity, and size (Ho et al., 2009), cross-sensory
calibration occurs for most senses at one time or another: Visual object at-
tributes must be calibrated, that is, verified through touch; auditory position
must be calibrated by vision (e.g., King et al., 2001). In each instance the
sense with the least error calibrates its co-occurring counterpart. Indeed, since
vision is often distorted (see Gori et al., 2010) haptic feedback may be fun-
damental in improving visual perception through calibration. Calibration has
been recognized as essential for maintaining a coherent representation across
the senses (e.g., Wallace et al., 1998). In calibration it is important that the
system receives feedback (traditionally an error signal) in order to be able to
adapt to the conditions it currently experiences: changes in object information
occur as we move through the world, calibration is necessary to link the con-
sequent changes in stimulation patterns to the experienced objects (e.g., Ernst,
2008).

However, calibration may also be fundamental to more gradual processes
occurring during development, in which a sensory modality calibrates (or
teaches) the others about some properties of the world. For instance, recent
studies reinforce the suggestion that the haptic system has a role in calibra-
tion of the visual system in judgments of position and size. Both animal and
human studies have highlighted the role of cross-sensory calibration in the de-
velopment of spatial processing (Bergan and Knudsen, 2009; Gori et al., 2011;
Zwiers et al., 2001, 2003).

If the nervous system is to make full use of the spatial relations among ob-
jects and use these relationships to interact with the environment, then online
(re)calibration is essential. Experiments in which animals have been reared
with modified auditory or visual inputs have revealed substantial plasticity in
the animal’s spatial representations (e.g., Knudsen, 1999). If animals are raised
with distorted binaural cues (used for sound localisation) locating auditory ob-
jects in external space produces compensatory changes that can be induced in
the auditory space map (e.g., in ferrets, see King and Parsons, 1999; and barn
owls, Gold and Knudsen, 2000). These adjustments in auditory spatial tuning
tend to preserve the alignment with the visual representation. In owls, they are
brought about by frequency-specific shifts in neuronal tuning to interaural time
differences (ITDs) and interaural level differences (ILDs) (Gold and Knudsen,
2000), although, as discussed below, the basis for this adaptive plasticity in
humans may be different. It is also important that information coming in from
completely different co-ordinate systems can be integrated if co-occurring and
segregated if not. Spatial maps are one way to achieve this (see Lee and Groh,
2009).
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The human (and other animal) nervous system clearly establishes spatial
maps to enable efficient processing of incoming information and allow the
stimulation to be mapped from receptor to external space. As such there is
a need for calibration across the sensors to verify object positions in exter-
nal coordinates (for example, see Lee and Groh, 2009; Mancini and Haggard,
2014). From the studies exploring space perception via SSDs, there is almost
no consideration given to the role of such calibration in learning to perceive
the proximal stimulation as distal and maintain this experience over time (e.g.,
Auvray et al., 2005; Bach-y-Rita, 1972; Bubic et al., 2010; Epstein et al.,
1986; Hanneton et al., 2010; Siegle and Warren, 2010). One could speculate
that the SSD experiments require such a long training phase not only due to
learning the translation code between substituted and substituting modality
but also as they may involve a calibration phase. In such an interpretation
the nervous system would calibrate the space by feedback derived from self-
generated movement.

When we experience visual or tactile objects, they are generally coded
within a specific set of coordinates that allows the nervous system to extract the
relative position of the object in space. The nervous system establishes spatial
maps at low-level processing sites and the perceptual information is segregated
according to these maps throughout the processing hierarchy. Sensorimotor
acts involve multiple transformations: When we point to an object, a chain
of nested coordinate transformations occurs. These include the retinal map
itself (target-to-eye), eye-to-head, head-to-body, and body-to-arm mappings.
The complexity of coordinating such simple actions is aided by spatial map
alignment. However, in exploring the relationship between distance percep-
tion and distal attribution, the role of spatial maps and calibration for updating
the perceptual space need to be considered separately.

3.4.2. Spatial Maps and the Calibration of External Space
Before crossmodal spatial calibration can effectively guide interactions in
the world the incoming information needs to be organised in a spatial field
in which coordinate systems can be compared and integrated. Not only are
signals in the environment organised in a spatial pattern but this pattern is mir-
rored at a neural level for vision, audition, and touch (see King and Moore,
1991). In fact the amount of plasticity evident at the level of the superior col-
liculus in many animals is a clear indicator that the sensory maps are used
to coordinate action and integrate information across the different coordinate
systems. The assumed functional use of spatial maps in the superior colliculus
is that they are for optimising orientation responses to incoming information.
Detecting and orienting to objects in external space is already one step up
from the simple process of using online feedback (from movement) to estab-
lish the existence of an external space. The question posed here is whether
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the documented training required for SSD-users to experience proximal stim-
ulation as distal is required because training and movement allow the user to
‘re-establish’ or recalibrate existing maps. These maps definitely play a role in
non-mediated perception with neurophysiological evidence for the existence
of spatial maps both in the superior colliculus and ascending to higher cor-
tical regions like A1 (King et al., 1988; Zwiers et al., 2003). Moreover, for
estimates of distance there is evidence that calibration is essential (see Smets
et al., 1987) for the percept to emerge. We therefore suggest that whether the
spatial maps emerge within the interaction or are established at a neural level,
they appear to play a role in maintaining the experience of an external 3D
world.

3.4.3. Calibration and Distance
As was discussed in Section 3.4.1, calibration is important in maintaining the
veridical perception of external space and it therefore plays an important role
in distal attribution. The process is also important for distance estimates using
2D surfaces. Smets et al. (1987) suggested that distance perception (on a 2D
surface) relies upon a focus point; i.e., a reference against which to calibrate
the estimate. Calibration of space increases the veridicality of the judgment.
This is also true for the auditory space where relative distance estimates are
more accurate than those derived from absolute cues (Shinn-Cunningham,
2001). In distal attribution, a focus point (also achieved through an interpo-
sition of two objects) is important for calibrating external space. Establishing
spatial relations among objects and perceivers allows us to extract the different
reference frames that can be used to describe external space (see, e.g., Knapen
et al., 2010; Poletti et al., 2013).

If we take the example of visual perception, the distance of a visual object
cannot be directly sensed (Koenderink et al., 2001). However, perception does
not only depend on currently sensed information and sensor position. Experi-
ence is also shaped by our previous interactions with the world through which
we move, our assumptions about the physical world and underlying princi-
ples. For example, the emergence of depth is possible due to the priors we
have about the world and the physical laws that constrain the (visually) sensed
objects and events therein. We assume the world is stable (Glennerster et al.,
2006). One piece of evidence for the strength of our stable world prior is the
ability to compensate for changes in an object’s size and shape. Perceptual
constancies of shape and size are used to compensate for distance in vision are
effective because of our prior of a stable world (Glennerster et al., 2006). If we
assumed that objects could change their shape or form, then these cues to dis-
tance would no longer be valid. There is no origin for depth per se in physical
terms although a metric of length is valid. However, a ruler for visual depth,
for example, is an internal scale, a compromise between priors about object
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constancy and a stable world, likelihood given the retinal projection and the
compensation mechanisms provided by our nervous system.

The existence of a distal visual object, as opposed to the proximal pattern
of stimulation it affords, can be verified via touch. As such it could be sug-
gested that crossmodal calibration gives the nervous system a direct access to
the distal form of objects. To reiterate, distance is an estimate that defines an
external world that exists independently of the perceptual processing of the
information. Organisms perceive objects in space. Such perception represents
the response of the organism to a complex pattern of stimulation, integrated
with the remaining effects of past experience with similar objects.

4. Summary

To highlight what has been learnt about distal attribution through the prism of
SSDs, let’s explore the factors that appear to be essential to its emergence. First
distal attribution depends upon the assumption (or prior) of an external world.
Non-separable from this belief of an external world, is the coupling between
self-generated movements and the resulting changes in stimulation. This fac-
tor is crucial given that if there is no correlation between changes in motor
output and changes in proximal patterns of stimulation, then the stimulation
will be experienced solely as sensation, not perception (as was made evident
in relation to the example of pain). The coupling emerges due to an organism’s
ability to move and explore the physical world. From the movement patterns
the organism can learn about the constraints on external objects such that they
can change only in two ways: their position according to the laws of physics
or their state according to the laws of nature. In Bayesian terms this second
level is the likelihood or currently available stimulation. Using both prior and
likelihood the nervous system can then assign a cause, distal or receptor based,
given the proximal pattern and its coupling to sensor movement. In this con-
text, distance perception can be seen as a bi-product of the distal attribution
process with both phenomena depending on the prior of a stable world (e.g.,
Glennerster et al., 2006; Knill, 2007). Finally, calibration also plays an impor-
tant role in maintaining the experience of a stable external world. The ability
to assign co-ordinates to the object position in space is possible due to sen-
sory maps which help translate and maintain the input from external world
co-ordinates into perceptual co-ordinates.

To summarize, distal attribution of incoming sensory information is influ-
enced by three main parameters: the prior of an external world, the coupling
between movements and the resulting changes in stimulation, and calibration.
Furthermore, distal attribution has proved crucial for distance perception, in
that estimating the co-ordinates of an object in external space requires the ob-
ject to be perceived as distal, rather than as a proximal pattern of stimulation.



438 J. Hartcher-O’Brien, M. Auvray / Multisensory Research 27 (2014) 421–441

Thus, without the process of distal attribution, perceived distance would not
be possible.
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