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When interacting with objects in the environment, it feels natural to have a body which
moves in accordance to our intentions. Virtual reality (VR) provides a tool to present users
with an alternative virtual body and environment. In VR, humans embody the presented
virtual body and feel present in the virtual environment. Thus, embodiment and presence
frequently co-occur and share some communalities. Nevertheless, both processes have
been hardly considered together. Here, we review the current literature on embodiment
and presence and present a new conceptual framework, the Implied Body Framework
(IBF), which unifies both processes into one single construct. The IBF can be used to
generate new hypotheses to further improve the theoretical conceptualisation of
embodiment and presence and thus, facilitate its transfer into application.
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1 INTRODUCTION

The interaction between the self and the environment is fundamental to human lives. It provides our body
with nourishment and helps us to react when confronted with potential dangers. Similar to real life, we feel
a strong distinction between ourselves and the environment in virtual reality (VR), i.e., a feeling to be a
separate entity within the environment. Whether we experience a virtual or the actual physical
environment, processes of embodiment and presence are an essential element of this experience. This
has direct and practical implications. First, in-depth knowledge of embodiment and presence can help us to
improve VR experiences. For example, when playing VR games, body movements can be tracked and
mapped onto an avatar. Neural networks can be used to predict these movements, which can then be fed
back, mapping the future movement states on the avatar. This lead to a stronger believe that the players
were in the virtual environment, with the avatar at the same location as their real body (Schwind et al.,
2020). Second, patients might benefit from advances in embodiment and presence research, e.g., when
conducting mirror therapy to alleviate phantom limb pain (Ramachandran and Rogers-Ramachandran,
1996; Wang et al., 2021, but see also; Barbin et al., 2016), or using exposure therapies to treat phobias (c.f.,
Ling et al., 2014). Knowledge from embodiment and presence research can therefore improve practical
applications in VR and real life. However, transferring knowledge is currently hindered by the lack of an
agreed upon common framework accounting for a possible relation between both processes (Section 1.2),
and methodology problems (Section 1.3). Here, we review the relevant literature including previous
frameworks (Section 1.4), and propose a new conceptual framework accounting for the possible relation of
embodiment and presence (Section 2).

1.1 Conceptualisations of Embodiment and Presence
In this review, we describe embodiment as the process which integrates bodily entities, like a rubber
arm (de Vignemont, 2011), into the body representation. The experiential properties arising from
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this integration process structure embodiment by describing
sensations relating to our body, i.e., ownership, location, and
agency (Kilteni et al., 2012a, see also; Longo et al., 2008). Hereby,
ownership describes the feeling that the body belongs to us;
location refers to a sense of where we locate self and body relative
to each other; and agency is the feeling of being in control of one’s
own actions.

Various conceptualisations have been proposed for presence.
Telepresence, for example, was used to describe the user’s virtual
transportation to another place, where a machine on the real site
is controlled by the user (Sheridan, 1992; Minsky, 2010).
Performing bodily actions and receiving appropriate sensory
feedback were considered as important characteristics of
telepresence (Minsky, 2010). For VR applications, it is
important that a definition of presence also encompasses
presence in virtual environments, where a real counterpart
does not necessarily exist. Following an influential review (Lee,
2004), presence can be divided into physical- (experiencing a
virtual environment as real and unmediated), self- (experiencing a
virtual body as one’s own body), and social-presence
(experiencing virtual others as real). The term co-presence is
related to this latter component, but focusses on “being
together” with others (Slater et al., 2000). The definition of
physical presence does not require that the participant has the
feeling to “be there” (c.f., Lee, 2004), which is another commonly
used description of presence (e.g., Schubert et al., 2001; Slater
et al., 2009). This sense to “be there” and the feeling that events in
VR are real, are also covered by the terms place illusion and
plausibility illusion (Slater, 2009; Slater et al., 2010a). Spatial

presence sets a similar focus, encompassing “being there” and
experienced opportunities for actions (Wirth et al., 2007).
Altogether, having a sense to be within an environment, which
comprise the feeling to be located within the respective
environment, is fundamental to generate a sense of presence.
Acting in this environment might thereby directly link to
perceiving the environment as real (c.f., Zahorik and Jenison,
1998).

Some of those definitions describe components indicating a
conceptual overlap between embodiment and presence (c.f., Lee,
2004). In addition, to feel present in an environment, more
precisely, to “be there,” is enhanced by the body (c.f., Slater,
2009; Slater et al., 2010a), which might give a reference for where
one feels present. As embodiment determines what we perceive as
belonging to our body, presence might depend on the product of
embodiment. This poses a fundamental question: How do
embodiment and presence relate to each other? Investigating
this question is especially important for clinical and industry
applications that build on this knowledge.

1.2 Relation Between Embodiment and
Presence
Relating embodiment and presence is not entirely new, but rather
underrepresented in the current literature. A positive example
can be found in a seminal paper from Kilteni et al. (2012a), which
mentions that presence could be included in a broader definition
of embodiment. A recent review (Nostadt et al., 2020) offers
guiding principles to facilitate the construction of such a common
framework. Following these principles, mechanical fidelity is on
the lower level and describes how well participants can interact in
a virtual environment. Spatial bodily awareness is placed at an
intermediate level and helps when moving through this
environment, as it relates to one’s own location in the
environment. The topmost level describes self-identification,
which relates to ownership. Given this hierarchical structure,
improvements in the location component and presence (both
part of spatial bodily awareness) should directly contribute to the
feeling of ownership. However, interactions between different
levels are not yet defined. These guiding principles help to
structure the concepts of embodiment and presence, but do
not explain the underlying mechanisms that link the two.

Concerning the embodiment components, ownership is
conceptionally similar to self-presence, which emerges when
participants perceive a virtual body as their own, i.e., when
ownership is perceived (c.f., Lee, 2004). The location
component and the feeling to “be there” are also
conceptionally similar, as they refer to where we locate
ourselves. However, both address distinct spatial components,
i.e., one’s own location with respect to a body or within an
environment (Kilteni et al., 2012a). The latter is especially
important to perform actions and to engage with objects or
other agents. Performing actions might support presence, in
particular telepresence, where the participant is virtually
transported to another environment to perform remote
actions. For example, when operating a rover on the moon,
we might feel present because of the agency we feel when

FIGURE 1 | Setup of the rubber hand illusion. The rubber hand model
was taken from www.turbosquid.com under their standard license, and the
avatar model from mixamo.com.
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tipping a joystick forward and experiencing immediate
consequences on the image that is provided on the monitor.
This links presence to actions and suggests that we feel present,
when the virtual environment responds in the same way to our
actions, as we expect it from the real environment (Zahorik and
Jenison, 1998).

Given potential links between embodiment and presence, we
would expect that both processes influence each other, but are still
separate processes. Accordingly, positive correlations have been
reported between questionnaire items on ownership and presence
(Roth and Latoschik, 2020). That both processes are nevertheless
distinct can be observed when changing the perspective (first-
person-perspective or third-person-perspective) over a virtual
body. Changing the perspective in a VR experiment showed that a
first-person-perspective is important for the feeling of ownership
and location, but lacked an effect on spatial presence (Gorisse
et al., 2017). However, ownership over a body seen from a third-
person-perspective is possible (Ehrsson, 2007), suggesting that
manipulating perspective declines, but does not abolish
embodiment.

Decoupling presence from the perspective over a body might
enable participants to feel present even though a virtual body is
not presented. This implies a strong separation between
embodiment and presence. As participants can experience
some form of embodiment even with an invisible body
(Guterstam et al., 2015), it remains unclear whether both
processes are truly separated in such situations. Considering
the role of the body for the sense of presence can provide
additional insights.

Previous work suggests that VR avatars capturing individual body
characteristics, e.g., based on 3D body scans of the participant, can
enhance the sense of presence and ownership (Waltemate et al.,
2018). In general, a body itself is important for establishing a sense of
presence (Slater, 2009; Slater et al., 2010a; Pan and Steed, 2019; but see
also; Steed et al., 2016; Wolf et al., 2020). Steed et al. (2018)
manipulated avatar visibility in VR and found that a visible avatar
improved participants feeling to “be there” and to perceive the virtual
environment as real. These feelings benefitted even more when other
virtual avatars glanced at the participant, making it important for
participants to have a virtual body, although it was not the main
contribution to presence. Other studies used a setup which required
participants to optimise their experience in VR to enhance presence.
This required participants to add features like an increased field of
view to their VR experience. The results indicate that having an avatar
is important to feel present, or having a place illusion, in the virtual
environment (Slater et al., 2010a, see also; Llobera et al., 2021). The
avatar might serve as a spatial reference point and thereby promote
presence. This suggests that embodiment and presence depend on
similar information and that presencemight build upon embodiment
processes. Such a conceptual overlap between embodiment and
presence likely translates into methodological difficulties in
separating both processes.

1.3 Measures of Embodiment and Presence
There are several challenges concerning currently used measures
of embodiment and presence (for a review on measures see
Kilteni et al. (2012a), who include measures of embodiment;

and Grassini and Laumann (2020) and Souza et al. (2021), who
discuss measures of presence). It is unclear whether these
challenges arise from their validity or discriminant power to
separate between the two processes. A lack of validity requires to
reconsider and improve these measures. If embodiment and
presence are more closely related than previously thought,
studies would likely fail to measure each process individually,
but instead would need to consider their relations to finally
extract their differential contributions to the underlying
mechanism.

The validity of currently used subjective measures in
embodiment and presence research is rather questionable.
Questionnaire items measuring embodiment (e.g., Botvinick
and Cohen, 1998; Longo et al., 2008) or presence (e.g.,
Witmer and Singer, 1998; Slater and Steed, 2000) are
repeatedly used, but a standardised instrument is currently
missing. Some studies aimed to create questionnaires by
considering psychometric properties (e.g., Roth and Latoschik,
2020), but currently used measures are far from being comparable
to diagnostic instruments (e.g., Raven’s Standard Progressive
Matrices, Raven, 2003). In addition, questionnaire items are
open to participants’ interpretations, when they are trying to
make sense of the posed questions (Usoh et al., 2000). More
extreme, one might ask whether the reported percept in
questionnaires was experienced at all, or only constructed
post-hoc after being questioned about it (Slater, 2004). This
suggests that questionnaires alone are inappropriate to
measure embodiment and presence.

However, combining questionnaires with objective measures
might not be sufficient to overcome shortcomings, as the validity
of objective measures can also be questioned. For example, in the
rubber hand illusion (RHI, see Box 1 and Figure 1),
proprioceptive drift is frequently used to assess embodiment
(e.g., Botvinick and Cohen, 1998; Kalckert and Ehrsson,
2014a), but might be inappropriate to discriminate between
ownership and location (Longo et al., 2008; Kilteni et al.,
2012a). Further, proprioceptive drift and ownership/RHI items
might be dissociated (Holle et al., 2011; Abdulkarim and Ehrsson,
2016), which could explain why both measures are sometimes
unrelated (Crucianelli et al., 2013; Walsh et al., 2015). A similar
finding can be observed for attempts to validate physiological
measures of embodiment (e.g., Ehrsson et al., 2008; Petkova and
Ehrsson, 2008) or presence (Meehan et al., 2002) with
questionnaires, where some studies report their physiological
measures to be in accordance with sensations described in the
administered questionnaire (Slater et al., 2010b; Yu et al., 2012;
Preuss and Ehrsson, 2019), but others fail to find such a
relationship (e.g., Peperkorn et al., 2015; Kokkinara et al.,
2016; Eftekharifar et al., 2020). Validating objective measures
is additionally challenged by findings showing that objective and
subjective measures, for both, ownership and agency, do not
entirely depend on the same underlying information (Ma et al.,
2021; Qu et al., 2021).

This clearly shows that the quality of subjective and objective
measures needs to be improved. Despite challenges related to
validity, it is also likely that the measures in use cannot clearly
discriminate between embodiment and presence. For
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questionnaire measures, this is evident in positive correlations
between ownership and presence (Roth and Latoschik, 2020).
Further, it is unclear if physiological measures can distinguish
both processes. For example, in a height exposure task in VR, the
observed response in objective measures could be attributed to
three possible causes: the participant having embodied an avatar,
the participant feeling present in the virtual environment, or both.
This is evident in experiments using the same measures in similar
setups and interpreting them as indicator for one or the other
process (c.f., Meehan et al., 2002; Galvan Debarba et al., 2017),
hindering the differentiation between embodiment and presence
based on physiological measures.

At the current stage it is unclear whether measures of
embodiment and presence are challenged by a lack of validity,
discriminability, or both. One possible solution is to measure
participants experiences in VR, without explicitly referring to the
underlying constructs. This can be realised by letting them
manipulate their own and/or the virtual environment’s
appearance, e.g., if they would like to have an avatar
representing their body. This can thereby indicate which
factors improve participants’ VR experience (c.f., Murcia-
López et al., 2020; Llobera et al., 2021). Although this is an
encouraging approach to solve these challenges, it might be less
applicable when trying to understand the underlying constructs.
In this case, the development of adequate measures requires
knowledge on how embodiment and presence are related,
which can be facilitated by the development of a common
framework. Such a framework should also account for already
existing conceptualisations of both processes.

1.4 Previous Work on Embodiment and
Presence Frameworks
When introducing the RHI, Botvinick and Cohen (1998)
postulated bottom-up factors driving the embodiment of the
rubber hand. In their view, proprioceptive information
becomes biased to match sensory information from vision and
touch. Scientific evidence supports the contribution of bottom-up

factors in the RHI (e.g., Guterstam et al., 2019) and in VR (e.g.,
Slater et al., 2010b). Top-down factors can likewise influence
embodiment by limiting the scope of integration into one’s own
body. Thus, factors like shape (e.g., Tsakiris et al., 2010) and
orientation (e.g., Ehrsson et al., 2004) of the rubber hand are
important constraints. This indicates that the embodied entity
should be plausibly connected to the body, although some degrees
of flexibility can be observed (e.g., Kilteni et al., 2012b). The
relevance of individual factors was recently examined, indicating
that having control and a first-person-perspective over an avatar
in VR are more important for embodiment than avatar
appearance (Fribourg et al., 2020).

Neurocognitive models of ownership also consider bottom-up
and top-down factors. Tsakiris (2010) describes a three-step
comparison underpinned with neural correlates contributing
to the RHI. The first two steps compare the appearance and
posture of the rubber hand to top-down knowledge of one’s own
body. Bottom-up sensory information (e.g., seeing a rubber hand
being touched and feeling touch on one’s own hand) are
compared in a third step, enabling participants to feel the
brush strokes on the rubber hand, and to attribute ownership
to the rubber hand. Although this model is specific for the RHI, it
could in principle be applied to embodiment experiments in VR.
Maselli and Slater (2013) proposed that ownership may arise
from the interaction of different neural populations encoding
top-down and bottom-up influences. Hereby, one population of
neurons encodes the similarity between virtual and real hand,
leading to the feeling of ownership, whereas neurons sensitive to
multisensory information modulate the feeling of ownership.
Thus, top-down restrictions have to be met before
multisensory correlations can affect participants’ feeling of
ownership. On a computational level, embodiment can be
applied to Bayesian causal inference (Kilteni et al., 2015;
Samad et al., 2015). In this framework, an artificial body part
becomes integrated into one’s own body when a common cause
for multiple sources of information can be inferred, e.g., during
synchronous visuotactile stimulation. This formulation can also
integrate top-down knowledge, which, together with bottom-up

BOX 1 | The Rubber Hand Illusion.
What is the rubber hand illusion? Embodiment has attracted broad scientific interest after Botvinick and Cohen (1998) described the rubber hand illusion (RHI). In this
setup (Figure 1), participants receive brush strokes on their own hidden hand that are synced to strokes on a rubber hand that is in full view, directly in front of them. It is
argued that multisensory integration enables the illusion that the rubber hand belongs to one’s own body. Under this view, visual and tactile sensations are
integrated, and proprioceptive information becomes subsequently adjusted to match the congruent information of the other two modalities (Botvinick and Cohen,
1998).

Which control measures are used? Botvinick and Cohen (1998) introduced two control measures to capture suggestibility effects. First, they used stroking
synchrony to manipulate multisensory integration. The RHI occurred after synchronous but not asynchronous stroking. Second, they used a set of experimental and
control questionnaire items (but see, Lush, 2020). An illusory effect was reflected in higher ratings of the experimental questions. These manipulations and control items
have been widely used in embodiment research.

Are there objective measures? During the RHI, the sensed position of the real hand becomes biased towards the rubber hand, to match congruent information
from vision and touch (Botvinick and Cohen, 1998). Proprioceptive drift is one of the widely used objective measure to assess this bias (e.g., Botvinick and Cohen, 1998;
Kalckert and Ehrsson, 2012; Ma et al., 2021). Participants have to indicate the perceived position of their unseen hand, with the hand not used during the RHI by relying
on proprioception (Botvinick and Cohen, 1998). If the perceived position drifts towards the rubber hand, it is generally interpreted as an indication of having embodied the
fake hand (but see, Rohde et al., 2011; Fuchs et al., 2016).

What about modern approaches? Since the introduction of the RHI, embodiment was investigated in various setups (e.g., Kalckert and Ehrsson, 2012; Chancel
and Ehrsson, 2020). Some allowed finger movements of the rubber hand (e.g., Kalckert and Ehrsson, 2012), which adds the possibility to test for agency. Currently, more
studies on embodiment are run in VR (e.g., Kilteni et al., 2012b; O’Kane and Ehrsson, 2021), thereby providing more flexibility and the opportunity to test conditions
where the position of the virtual and the real arm overlap (c.f., Ma et al., 2021), which was impossible with the original RHI setup.
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factors, affects the likelihood in the Bayesian inference (Kilteni
et al., 2015). Altogether, the different formulations and models
have in common that they describe ownership to arise as a
consequence of both bottom-up and top-down factors.

Agency is commonly described in a prediction framework,
e.g., the comparator model. In this model, agency over actions
(based on motor commands) is experienced when the predicted
movements (based on efference copy signals) match the sensory
feedback associated with that movement, i.e., when no prediction
error occurs (Haggard, 2017). Actions are obviously the core
element of agency, but they can also be linked to ownership and
presence. On the one hand, the representation of actions depends
on the classification of the hand as being part of the self or the
other (Uhlmann et al., 2020), which suggests that ownership of a
body part is important for the representation of actions, and
therewith agency. On the other hand, acting in an environment
was also suggested to be a crucial element for the sense of
presence (Zahorik and Jenison, 1998). In this view, one can
only feel present in an environment if one can act in this
environment. This link was also emphasised by a model of
Seth and colleagues (Seth et al., 2012) that draws parallels
between presence and agency. The model describes presence
in a predictive coding framework (c.f., Rao and Ballard, 1999),
interacting with agency. Presence occurs from comparing
predictions of interoceptive information to the actual
interoceptive information. As a result, acting in an
environment might link the agency component of
embodiment and presence.

Presence can be manipulated by various factors, which can
broadly be divided in manipulations of the display content, e.g.,
the avatar or the virtual environment, and hardware properties of
the mediation technology, e.g., the HMD. Participants’ VR
experience seemed to benefit from having a virtual body in a
realistically rendered environment, in which other avatars
respond to the participant (Llobera et al., 2021). Although this
study did not explicitly investigate presence, the investigated
factors were relevant for presence in previous studies (Slater
et al., 2010a; Steed et al., 2018). In addition, wearing an HMD
with a wide field of view supports participants’ feeling to be in the
virtual environment (Slater et al., 2010a; Buttussi and Chittaro,
2018) and their belief that events in this environment are actually
happening (Slater et al., 2010a). Similarly, removing motion
parallax, which is a depth cue we normally experience in
everyday life, decreased presence (Eftekharifar et al., 2020).
Many of those factors relate to the properties of the device,
which resembles the definition of immersion as properties
related to the technology (Slater and Wilbur, 1997).

It was postulated (Bystrom et al., 1999) that immersion
determines how much the virtual environment resembles the
real environment. For presence to emerge, participants need to
direct their attention to the sensory information provided by the
technology. As a consequence, they might start to treat the virtual
environment as real, which enables participants feeling to be
within the virtual environment. Similar ideas have been put
forward (Wirth et al., 2007), suggesting that directing
attention towards the provided sensory information (e.g., from
an HMD) is necessary for the construction of a spatial

representation of one’s environment. Spatial presence arises
when participants incorporate the spatial reference frame of
the virtual environment instead of the one provided by the
real environment. Altogether, immersion and attention seem
to be core concepts for presence.

In sum, the suggestion of multifaceted interactions between
embodiment and presence require a common consideration of
both processes (Kilteni et al., 2012a; Nostadt et al., 2020). Relating
ourselves to the body on the one hand, and the body to the
environment on the other hand, might create a link between
embodiment and presence (c.f., Kilteni et al., 2012a). This link
might be provided by the body schema, i.e., an unconscious
model of the body and its parts (c.f., Maravita and Iriki, 2004). It
was argued that the body schema adjusts by incorporating the
technology (e.g., the HMD), as a consequence giving access to a
virtual environment similar to our natural environment. It
thereby enables participants’ feeling to be within the virtual
environment (Haans and IJsselsteijn, 2012). Nevertheless, a
conceptualisation of a common framework is still missing.

2 A COMMON FRAMEWORK OF
EMBODIMENT AND PRESENCE

At the current stage of research, a precise characterisation of
embodiment and presence is still missing. Given the possible
overlap and interdependencies between the two constructs, we
believe that an agreed-upon, formal definition is needed to move
the field forward. Here, we propose a conceptual framework of
embodiment and presence, the Implied Body Framework (IBF,
Section 2.1 and Section 2.2). Presence is thereby conceptualised
as the sense to “be there” (e.g., Slater and Steed, 2000; Slater et al.,
2010a). The IBF aims to integrate current findings and allows to
derive new and testable hypotheses (Section 2.3).

2.1 The Implied Body Framework
Multisensory integration (e.g., Botvinick and Cohen, 1998;
Guterstam et al., 2019) is a key component in the IBF
(Figure 2). We assume that multisensory information indicates
the (possibly implicit) presence of a body, which we call implied
body. An implied body is inferred from multisensory correlations.
For example, visuomotor correlations between head movements
and changes in the visual scene, give rise to an implied body. This
shows that the implied body does not require the representation of a
(virtual) body (c.f., Guterstam et al., 2015); any multisensory
correlation will be sufficient (c.f., Ehrsson et al., 2005; Kalckert
and Ehrsson, 2014b). Plausible implied bodies (c.f., Tsakiris, 2010)
are integrated into the body representation (Implied body 1 and 2).
In this step, the implied body is, for example, assessed with respect
to its shape (e.g., Tsakiris et al., 2010), orientation (e.g., Ehrsson
et al., 2004), and distance (e.g., Kalckert and Ehrsson, 2014b) from
the existing body representation. Embodiment of an entity arises
from integrating implied bodies into the body representation,
whereas presence relates to the spatial reference point of this
body representation.

We propose that multisensory integration can enhance or
impede the strength of the body representation by 1) weighting
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implied bodies (Figure 2, feedback arrow). Implied bodies with
an increased weight are more likely to pass the plausibility check
and to be integrated during the next iteration; thereby
strengthening the body representation in the respective
environment. A change in the body representation will also
affect how strongly we feel present in the respective
environment (c.f., Slater et al., 2010a). This effect should be
especially strong when multisensory integration enhances or
impedes implied bodies which are an important cue for a
spatial reference point in the environment. The viewpoint
(Implied Body 1) is the visual origin and determines the
perspective a participant has in the virtual environment,
thereby giving a spatial reference point for where we are
located in the environment. Integrating the implied body
related to the viewpoint might therefore be especially
important for presence (c.f., Gorisse et al., 2017).

According to the IBF, different multisensory correlations lead
to different implied bodies. For example, visuomotor correlations
create an implied body related to the viewpoint of the participant
(Implied body 1), and visuotactile correlations create a second
implied body related to a virtual hand being stroked by a brush
(Implied body 2). As only plausible implied bodies become
integrated, an implied body from multisensory correlations
linked to a virtual hand placed far away from one’s own body
(Implied body 3) is not integrated into the body representation
(c.f., Kalckert and Ehrsson, 2014b). This virtual hand would be
perceived as disconnected from one’s own body, and the tactile
sensations as caused by another source. Such a phenomenon has
been described for somatoparaphrenia (c.f., Jenkinson et al.,
2013), where the real arm becomes not integrated with the
rest of the body. We propose that multisensory information is
integrated in a way that maximises the evidence of the resulting
body representation. This is similar to hierarchical Bayesian

frameworks, where an artificial hand becomes integrated based
on the collected evidence from multisensory correlations (Kilteni
et al., 2015; Samad et al., 2015).

Agency (Figure 2, red box) can facilitate the emergence of
implied bodies. Actions generate motor input to implied bodies
(e.g., as part of visuomotor correlations). In this case, sensory
feedback arises from the implied body (Implied Body 1), which is
2) compared to the predicted sensory consequences of the
movement, leading to agency when no prediction error
occurred (c.f., Haggard, 2017). The status of an implied body
is important for agency (c.f., Uhlmann et al., 2020), as it facilitates
the feeling to be in control over one’s own body. In addition,
experiencing agency indicates that the implied body belongs to
one’s own body (c.f., Tsakiris et al., 2006), and it is therefore more
likely that it will be integrated with the other implied bodies.
Thus, agency interacts with the implied bodies. Most relevant for
the body representation is that agency can 3) moderate the
processing of the implied bodies, thereby influencing their
integration into the body representation.

2.2 The Implied Body Framework Applied to
the Virtual Rubber Hand Illusion
To illustrate the IBF, we apply it to a virtual reality RHI
experiment (Figure 3). The participant (Figure 3, left) sees a
virtual environment using an HMD through which real head
movements lead to an updated visual input, similar to what is
experienced in real life. These multisensory signals create an
implied body (Figure 2, Implied body 1). The head movements
are self-generated and based on predictive mechanisms (Figure 2,
red box), leading to a sense of agency, which makes it more likely
that the implied body connected to those movements gets further
processed. In addition to the visuomotor correlations leading to

FIGURE 2 | The Implied Body Framework (IBF). Embodiment and presence emerge from integrating multisensory signals related to implied bodies. Hereby,
multisensory correlations indicate implied bodies. If implied bodies are plausible, multisensory integration links the multisensory correlations into the body representation.
As a consequence, entities like a virtual hand can be embodied. Presence arises in connection to the spatial reference point of the body representation. Themultisensory
integration process also 1) feeds back to the individual implied bodies, making it more likely that the multisensory information becomes integrated in the next
iteration. If an implied body is not plausible, it will be experienced as disconnected from one’s own body and multisensory correlations are attributed to other sources.
Agency arises from 2) comparing predicted movements to sensory feedback. It is directly linked to some of the implied bodies, 3) increasing the likelihood that sensory
signals are passed on to the multisensory integration process. Threat is directed against the implied bodies.
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the first implied body, the participant also experiences
visuotactile correlations (Implied body 2). The participant sees
how a virtual hand close to the viewpoint in VR, is stroked by a
virtual brush, while the experimenter (Figure 3, right) is
physically stroking the participant’s real hand. Both implied
bodies are plausible, and their close proximity indicates that
they originate from the same body. The multisensory
information is therefore integrated, embodying both implied
bodies in a body representation. The feeling of the virtual
hand as belonging to the own body emerges. This body
representation has a spatial reference point, whereby
integrating the visuomotor signals into the body
representation gives a strong cue of where one is located in
the environment. A sense of spatially belonging to this
environment emerges, i.e., the participant feels present in the
virtual environment. This suggests that what is commonly
reported as presence depends upon (at least implicitly) a body.

2.3 Deriving Hypotheses From the Implied
Body Framework
2.3.1 Plausibility Only Affects Implied Bodies From
Synchronous Multisensory Correlations
The basic assumption of the IBF is the existence of implied bodies.
The model suggests that implied bodies can only arise from
synchronous multisensory correlations. Implied bodies are
integrated into the body representation, if they are plausible,
e.g., when the virtual hand resembles the participant’s hand. An
implied body cannot emerge from asynchronously stimulating
the participant’s hand and a virtual hand. In this case, the implied
body will be rejected from integration before passing the check for
plausibility. Consequently, the shape of the stimulated virtual
hand should be irrelevant, yielding the same results for a realistic
hand model or a cube, if asynchronous stimulation was used.
However, for synchronous stimulation we would expect that the

shape of the simulated hand is important. Thus, although a
certain similarity to the participant’s hand is necessary
(Tsakiris et al., 2010), personalisation should further increase
embodiment (c.f., Waltemate et al., 2018).

2.3.2 Agency Influences the Weight of Implied Bodies
Agency interacts with the implied bodies depending on the
motor input. Thereby, the sensory feedback comes from the
implied body and is compared against the motor prediction,
resulting in agency if no prediction error occurred. Agency
again modulates the weight of the implied body, before it
reaches the plausibility check. This has two implications.
First, agency and embodiment can be dissociated when
agency over a limb is experienced, but the implied body did
not pass the plausibility check. This is for example the case when
a rotated rubber hand moves in accordance with one’s own hand
(c.f., Kalckert and Ehrsson, 2012). Second, we would expect that
agency hinders or facilitates embodiment depending on the
paradigm. For example, agency should sensitise participants for
spatial offsets between their hand and an artificial hand (c.f.,
Kalckert and Ehrsson, 2014b). At the same time, agency might
increase the likelihood that the implied body passes the
plausibility check, e.g., when the shape of the virtual hand
does not fully match.

2.3.3 Feedback From Multisensory Integration
Stabilises the Body Representation
When the implied body passes the plausibility check,
multisensory integration will link the sensory information,
thereby integrating the implied bodies into the body
representation. The IBF postulates that multisensory
integration scales the weight of the implied bodies, which
makes it more likely that the same implied body is part of the
body representation in the next iteration. Therefore, the IBF
predicts that the embodiment of an entity is not immediately

FIGURE 3 | Example of a virtual RHI setup. The black and white area depicts the participant (left) and experimenter (right) situated in the real environment. The
coloured area represents the virtual environment, which the participant perceives via an HMD.When the experimenter stimulates the participant’s real hand with a brush,
the participant sees these brush strokes on a virtual hand in VR. The virtual hand model was taken from turbosquid.com under their standard license.
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disrupted when the multisensory correlations break down, but
slowly declines (c.f., Pfister et al., 2020).

2.3.4 Presence Depends on Embodiment
The embodiment of implied bodies constitutes a body
representation, to which presence relates. The IBF therefore
understands presence as depending on embodiment processes.
Presence cannot arise without at least a basal form of
embodiment. If participants feel present when a virtual body
was not presented to them, it likely goes along with a basal form of
embodiment, e.g., for the implied body from the viewpoint. This
dependence suggests that both processes are correlated. However,
the direction of the dependence also predicts that there might be
situations where participants feel embodied, but not present.

2.3.5 Physiological Measures Confound Embodiment
and Presence
A relevant sensory event, e.g., threatening the virtual hand with a
knife, can lead to a physiological response, which allows us to
measure embodiment and presence or, more specifically, the
impact of threat on the implied bodies (Figure 2, Threat).
Threat can thereby only elicit a physiological response when
the implied body is part of the body representation. Threatening
Implied Body 1 or 2 should therefore lead to a physiological
response, contrary to threatening Implied body 3. As
embodiment and presence depend on the implied bodies, the
IBF suggests that it is not possible to separate both processes
based on physiological measures related to threat. However, as
embodying implied bodies directly constitutes to the body
representation, embodiment might be more closely connected
to physiological measures than presence.

3 DISCUSSION

Previous work suggests a relation between embodiment and
presence. To characterise this relation, we proposed the
Implied Body Framework (IBF). This framework postulates
the existence of implied bodies, which can be integrated in a
body representation, based on multisensory integration. Presence
depends on this body representation and therewith on
embodiment processes. In the following section, we compare
our model to previously introduced models on embodiment and
presence (Section 3.1). The IBF provides an important step
towards a common consideration of both processes. However,
embodiment and presence research might still be prone to
different limitations and confounds, which need to be
considered. We will therefore conclude by discussing the
impact of two important factors that challenge embodiment
and presence research: attention (Section 3.2) and biases
(Section 3.3).

3.1 Comparing the Implied Body Framework
to Existing Models
Similar to existing frameworks (Tsakiris, 2010; Maselli and Slater,
2013), the IBF considers bottom-up (multisensory correlations

leading to implied bodies) and top-down influences to be
important. As part of top-down influences, implied bodies are
checked for their plausibility (e.g., taking the orientation of the
virtual hand into account). Compared to previous models, the
IBF inversed this order, i.e., only objects providing multisensory
correlations are checked for plausibility. This should reduce the
computational costs, because otherwise every potential object in
the environment would have to be assessed as a potential body
part. Increasing the weight of implied bodies by the multisensory
integration process can thereby prevent that body parts which do
not provide multisensory correlations, are immediately removed
from the body representation. In other words, the body
representation is stabilised. This influence of multisensory
integration on the implied bodies could be described by an
updated prior distribution in a Bayesian framework (c.f.,
Kilteni et al., 2015).

Participants can have a body representation without visually
being presented with a body, e.g., an avatar. The implied body
from participant’s viewpoint is likely the most important factor
for presence; and similarly for embodiment (c.f., Maselli and
Slater, 2013). In case of an invisible body, this implied body could
be combined with other implied bodies, which are not visual in
nature. For example, motor information can still be correlated
with observed effects in the environment (e.g., stretching an
invisible arm to move a mug) or their tactile consequences
(e.g., stretching an invisible arm and feeling the touch of a
mug). In addition, we would receive proprioceptive
information of our body. Using VR without a virtual body
should therefore lead to the feeling to own an invisible body
(c.f., Guterstam et al., 2015), accompanied by a feeling of presence
in the virtual environment.

Importantly, the IBF closely links presence to embodiment
processes by postulating the importance of implied bodies and the
body representation for presence. A link of presence to
embodiment by incorporating the mediation technology into
the body schema was suggested previously (Haans and
IJsselsteijn, 2012). The IBF expands on this idea and argues
for a direct link between embodiment and presence, based on
implied bodies and the body representation. We therefore expect
both processes to be positively correlated (c.f., Roth and
Latoschik, 2020).

The spatial reference point of the body representation is
central to link embodiment and presence. In contrast to a
previous model by Wirth et al. (2007), the IBF argues that the
spatial reference point to which presence refers to, depends on the
implied bodies and the body representation, of which the body is
a part, as compared to the spatial reference point encompassing
the body itself. Locating ourselves in relation to the body or the
environment therefore relies on the same spatial reference point.
We will always feel present at this spatial reference point and, at
least in most situations, this will be within the body.

A manipulation of the perspective over an avatar,
i.e., changing a first-person-perspective to a third-person-
perspective, can therefore decrease embodiment, but leave
presence unchanged (c.f., Gorisse et al., 2017). Changing the
viewpoint to a position outside the virtual body presents
participants with an unexpected configuration for a body
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representation. There is no such conflict for presence, because the
viewpoint is a strong location cue, leading to the feeling to be
present outside of the own body.

The IBF integrates the comparator model of agency (c.f.,
Haggard, 2017). Agency is a separate process, interacting with
the implied bodies. On the one hand, separate processes for
agency and embodiment are in line with findings suggesting a
dissociation between agency and ownership (c.f., Kalckert and
Ehrsson, 2012). On the other hand, interactions between agency
and the implied bodies could explain why embodiment can be
induced by visuomotor correlations (e.g., Kalckert and Ehrsson,
2014a). Such motor signals are self-generated, which might have
the benefit that attention towards those signals is not necessary to
experience them. This is in contrast to other sensory correlations,
whichmight need to be attended for embodiment and presence to
emerge.

Immersion (c.f., Bystrom et al., 1999) and attention (c.f.,
Bystrom et al., 1999; Wirth et al., 2007) were previously
proposed to be important for presence. Although the IBF does
not directly emphasise these factors, it does not contradict this
notion. Immersion is relevant in the context of VR and other
mediation technology, while attention is directly relevant in the
selection of sensory information. These processes can thereby
significantly influence which entities are embodied and where we
feel present.

3.2 Attention
Attention is a mechanism which optimises the precision of
sensory inputs (Friston, 2009) and can thereby influence,
which information enters the multisensory integration
process. However, multisensory integration can also
facilitate stimulus detection, which links attention and
multisensory integration, bidirectionally (Talsma et al.,
2010). The selected sensory information is thereby crucial
for embodiment and presence.

Healthy humans have an ever-present sense of embodiment
over their own limbs, without having to consciously and
constantly pay attention to this feeling. The same is true for
the sensation to be present within the environment. The question
arises, whether humans have to actively attend to multisensory
signals (e.g., congruent information from vision and touch) to
experience embodiment and presence in experiments like the
virtual RHI. One might predict that it would be unlikely for both
processes to arise, when attention is drawn away from the virtual
body or the virtual environment. Attention could therefore serve
as a gateway that enables embodiment and presence.
Investigating the effects of attention could provide further
insights into the relation between the self, on the one hand,
and the body or the environment, on the other hand.

Case studies on somatoparaphrenic patients can provide first
evidence for a crucial role of visuospatial attention in the
processing of one’s own body (Fotopoulou et al., 2011;
Jenkinson et al., 2013). Somatoparaphrenic patients perceive a
body part as belonging to someone else. Presenting the patient’s
arm in a mirror helps to recognise the disowned arm as the own
one by presenting the visual feedback of the body from a third-
person perspective (Fotopoulou et al., 2011). This suggests that

ownership over the hand does not only depend on seeing one’s
own body, but also on the information one is attending to. For
example, attending to one’s extrapersonal space seems to improve
the patient’s recognition of her own arm, probably due to
enhanced processing of the body from a third-person-
perspective (Jenkinson et al., 2013). An RHI experiment with
healthy controls showed that seeing the rubber hand in a mirror
did not affect the strength of the RHI (Jenkinson et al., 2013).
However, experiencing touch on the rubber hand benefitted from
attending the rubber hand compared to the real hand. Altogether,
this suggests that attention may support the occurrence of
embodiment by selecting which body-related information (e.g.,
from first-person-perspective or third-person-perspective) is
further processed. This seems to be especially relevant in the
context of disorders such as somatoparaphrenia, where attention
can promote body self-recognition (Jenkinson et al., 2013). The
importance of attention to select sensory input is in line with
the IBF.

Attention could be considered as an integral component of
presence. To feel present in a virtual environment requires to
attend to the stimuli from that environment. Accordingly,
switching ones attention from the virtual to the real
environment could account for breaks in presence (c.f.,
Slater and Steed, 2000). Arguably, presence will increase if
participants pay attention to the virtual environment (Bystrom
et al., 1999), and decrease when distractions, for example noise
from the laboratory, are present (see Box 2). In line with the
IBF, this suggests that attention can affect presence, which is
also supported by the theoretical conceptualisations (Bystrom
et al., 1999; Wirth et al., 2007), and the underlying factors
influencing presence in the presence questionnaire (Witmer
and Singer, 1998). In this questionnaire, involvement (one of
the key factors underlying presence) is directly related to
attention. Hereby, attention influences involvement, which
again influences the degree of perceived presence.

If presence depends on attention, one would expect that
detecting stimuli from the real environment is attenuated,
when the participant feels present in a virtual environment.
Accordingly, electrophysiological recordings show that
participants experiencing higher presence (physical-, social-,
and self-presence) in a desktop game showed lower amplitudes
of attention-related event-related potentials (N1 and mismatch
negativity) in response to sounds presented in the real
environment (Terkildsen and Makransky, 2019). This suggests
that participants allocated more attention towards the desktop
game, and not towards the external distracting stimuli, which in
turn facilitated the feeling of presence. A similar mechanism was
also proposed to explain an effect from presence on memory. The
authors argued that attention elicits and sustains presence,
whereby presence also increases attention towards stimuli
from the virtual environment, resulting in attenuating
distracting stimuli from the real environment (Makowski
et al., 2017).

In line with the IBF, attention is especially relevant for the
selection of sensory information. Attention can influence the
weighting of sensory information and thereby determine the
integration of multisensory information related to the body
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representation (Limanowski and Friston, 2020). In addition,
multisensory integration might link attention and presence: it
is known that attention can guide information selection for
multisensory integration (Alsius et al., 2007) and presence can
benefit from multisensory information (Marucci et al., 2021).
Thus, multisensory integration might function at the intersection
between attention and presence.

3.3 Methodological and Conceptual Biases
Comparing results from studies on embodiment is a challenging
task, as standardisations, e.g., in the design, aremissing (Riemer et al.,
2019). This could be improved by standardising procedures, e.g.,
using stimulation devices (Sivasubramaniam et al., 2021). Yet,
participants’ responses can still be biased in various ways (e.g.,
regression to the mean, framing of instructions, or the good-
subject effect). To detect biases, researchers often use two sets of
items in embodiment research: illusion and control items. For the
former, participants rate the extent to which they experienced the
illusion. With control items, participants are always expected to give
low ratings, because they describe phenomena not expected to occur
as a consequence of the experimental manipulations. Similar
responses to illusion and control items indicate that participants
might show a response bias. An example of a control item is “It
seems as if I had more than one right hand” (Kalckert and Ehrsson,
2012, p.4), a sensation which is not expected to appear during the
experiment. However, reports of “having more than one right hand”
(Ehrsson, 2009; Fan et al., 2021) imply ownership over an additional
hand, which questions the validity of such control items. Further, it is
arguable whether participants might be able to distinguish control

items from illusion items (Lush, 2020), which would introduce a bias
even though it was controlled for.

Bias might not be immediately obvious, especially when it
produces results in accordance with the hypotheses. In this
context, demand characteristics describe the hints passed on to
participants which directly relate to the underlying hypotheses
(Orne, 1962; Lush, 2020), although this does not necessarily
mean that participants guess the hypotheses correctly (Corneille
and Lush, 2022). Perceiving demand characteristics can
encourage participants to confirm experimental hypotheses
(Nichols and Maner, 2008). It is therefore important that
experiments are designed in a way to prevent such biases.
Normally, experimenters try to hide the hypotheses of their
experiments from participants to minimise any kind of
hypotheses-confirming behaviour. However, there are a
number of ways how experimental hypotheses can become
known, including the experiment itself (Orne, 1962). For
embodiment and presence research, one might argue that the
aim of the study becomes obvious when participants are
confronted with the questionnaire items (c.f., Reader, 2022).
It might be easy to guess at experimental manipulations, for
example, a sensation to own a virtual body, and whether this
sensation should be enhanced or decreased. To avoid any
drawbacks from demand characteristics, participants could be
asked about the purpose of the experiment afterwards (Orne,
1962). Another possibility is the design of an additional
experiment that only describes the experimental procedures
and then assesses the participants’ expected response on the
same experimental measures (Orne, 1962). While the first

BOX 2 | Open Research Questions.
Can visuomotor correlations from head and eye movements be sufficient to induce embodiment and presence? The introduced Implied Body Framework
(see Section 2 ) assumes that multisensory correlations (e.g., visuomotor correlations while moving one’s head) lead to the sensation of a body; a sensation that does
not need to be visual in nature, i.e., the body is implied. In VR and RHI experiments, participants are allowed to move their head and perceive an updated visual
scene. The significance of such visuomotor correlations can be tested as follows: Participants are presented with a virtual environment while all movements, including
eye and head movements, are restricted. Embodiment and presence ratings are compared to a second condition, in which they can move their eyes, and a third
condition, in which they can move their eyes and head. We expect that participants’ ratings increase with the amount of movement possible: no movement < eye
movements < eye and head movements. In a fourth condition, participants fixate a cross at a fixed position on the HMD, i.e., relative to their head, so that their eye
movements are fixed in space, but headmovements are possible. This would allow to test for the role of eye or headmovements on embodiment and presence ratings.
In a control condition, participants view visual updates of the scene as a passive observer (no movement). This would inform about the importance of self-generated
visual updates of the scene, independent of their origin (eye or head movements).

What alternative experimental methods can be used tomeasure embodiment and presence?One crucial step would be the development of questionnaires
with strong psychometric properties that can be widely used in experimental tasks (c.f., Roth and Latoschik, 2020). These questionnaires need to be combined with
additional experimental methods to further increase the validity of themeasures and to avoid bias. For example, Chancel and Ehrsson (2020) showed that psychophysical
measures of hand ownership are suitable to assess embodiment. In their setup, they presented two rubber hands to the participants. In a two-alternative forced-choice
(2AFC) task, participants indicated over which of the two hands they felt ownership. The results show that this task can capture the influence of displacement of the
rubber hand on reported ownership. It therefore provides a useful method to answer questions in embodiment and presence research (c.f., Chancel and Ehrsson, 2020;
Chancel et al., 2021; Chancel et al., 2022).

Can the sensation of embodiment and presence be influenced by attentional capture? If embodiment and presence are influenced by attention, then it
should be possible to increase or decrease the two by manipulating participants’ attention. On the one hand, participants who feel present in an environment seem to
dismiss distracting stimuli from the real world (see Section 3.2, Terkildsen and Makransky, 2019). Games like Beat Saber (Beat Saber, Prague) could be used to
manipulate the attentional focus by requiring actions in response to stimuli which vary in speed. On the other hand, interfering noise which captures attention should have
an adverse effect on embodiment and presence. To test this, distracting stimuli can be introduced which can be ascribed to the laboratory (an experimenter speaking) or
the virtual environment (an experimenter speaking who is represented by an avatar).

Are results on embodiment and presence affected by demand characteristics and suggestibility? Demand characteristics and suggestibility are a serious
challenge to embodiment and presence research, as outlined above (Section 3.3). So far, demand characteristics have only been investigated for embodiment, but not
for presence, where one can apply the same critique. It is important to uncover the role of demand characteristics by using control experiments (Orne, 1962; Lush, 2020).
A comparison between an experiment in the laboratory and an experiment in which participants rate their expected sensations after observing another participant
performing this experiment, could provide further insides (Orne, 1962). Following a recent approach, suggestibility could be measured by rating experiences during
made-up exercises, like imagining acoustic and tactile sensations of a mosquito (Lush et al., 2021a).
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option might invalidate the experimental approach, the second
option can directly test if the experimental design is prone to
demand characteristics. The latter approach was recently
followed up in a study that examined the effect of demand
characteristics in the RHI (Lush, 2020). In an online experiment,
participants watched a video and read the descriptions of a
typical RHI experiment, and then filled out one of the frequently
used RHI questionnaires. The results of this experiment were
similar to the results revealed in other RHI studies, which indicates
that participants were indeed able to correctly guess the purpose of
the experiment, even when they were absolutely naïve about the
experimental interests (see also, Lush et al., 2021b; Reader, 2022).
Therefore, it is likely that previous results are affected by demand
characteristics questioning their validity.

Suggestibility, i.e., participants liability to experience
induced sensations, might govern their perception (as well
as the associated behaviour and measured responses) in
accordance with the research hypotheses (Lush, 2020). In
other words, participants’ susceptibility to respond to the
perceived demands and to change their experience
accordingly can influence, and even predict the extent of
the RHI (Lush et al., 2020; Roseboom and Lush, 2022). This
effect of suggestibility can be observed for questionnaires
(Marotta et al., 2016; Fiorio et al., 2020; Lush et al., 2020)
and proprioceptive drift (Walsh et al., 2015; Fiorio et al., 2020;
Lush et al., 2020). However, these effects are not always
replicated for all measures (Walsh et al., 2015; Marotta
et al., 2016), which might depend on differences in the
measures or the experimental design. These results show
that suggestibility can affect results in embodiment (and
likely presence) experiments, possibly even without reaching
awareness (for an ongoing debate, see Ehrsson et al., 2022;
Lush and Seth, 2022).

To reduce the confounding effects of demand
characteristics and suggestibility on embodiment and
presence, effective control measures are needed (Lush,
2020). Commonly used control items and measures known
to be objective (e.g., electrodermal activity and proprioceptive
drift) might be insufficient (Lush et al., 2021b). It is therefore
important to explore how research methodology can be further
improved (Box 2).

4 CONCLUSION

More than 20 years after the first influential paper on the RHI
(Botvinick and Cohen, 1998), we are closer than ever to applying
the concepts of embodiment and presence to rehabilitation, training,
or gaming purposes, especially due to the rise of virtual reality
technology. However, the lack of a common framework, valid
measures, and bias-free designs pose a serious challenge. We are
at the cusp of deciding which direction to take in embodiment and
presence research. The large amount of overlap concerning theory
and findings in embodiment and presence literature makes the case
for a common framework. To this end, we introduced the Implied
Body Framework (IBF). This framework proposes that multisensory
signals can constitute multiple implied bodies, which can be
embodied into one body representation. This body representation
provides a spatial reference point for presence. With the IBF, we aim
to foster new perspectives for future research and their application.
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