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ABSTRACT
The goal of this study is to determine how a self-avatar in virtual
reality, experienced from different viewpoints on the body (at eye-
or chest-height), might influence body part localization, as well as
self-localization within the body. Previous literature shows that
people do not locate themselves in only one location, but rather
primarily in the face and the upper torso. Therefore, we aimed to
determine if manipulating the viewpoint to either the height of
the eyes or to the height of the chest would influence self-location
estimates towards these commonly identified locations of self. In a
virtual reality (VR) headset, participants were asked to point at sev-
eral of their body parts (body part localization) as well as "directly
at you" (self-localization) with a virtual pointer. Both pointing tasks
were performed before and after a self-avatar adaptation phase
where participants explored a co-located, scaled, gender-matched,
and animated self-avatar. We hypothesized that experiencing a
self-avatar might reduce inaccuracies in body part localization, and
that viewpoint would influence pointing responses for both body
part and self-localization. Participants overall pointed relatively
accurately to some of their body parts (shoulders, chin, and eyes),
but very inaccurately to others, with large undershooting for the
hips, knees, and feet, and large overshooting for the top of the head.
Self-localization was spread across the body (as well as above the
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head) with the following distribution: the upper face (25%), the up-
per torso (25%), above the head (15%) and below the torso (12%). We
only found an influence of viewpoint (eye- vs chest-height) during
the self-avatar adaptation phase for body part localization and not
for self-localization. The overall change in error distance for body
part localization for the viewpoint at eye-height was small (M = –2.8
cm), while the overall change in error distance for the viewpoint at
chest-height was significantly larger, and in the upwards direction
relative to the body parts (M = 21.1 cm). In a post-questionnaire,
there was no significant difference in embodiment scores between
the viewpoint conditions. Most interestingly, having a self-avatar
did not change the results on the self-localization pointing task,
even with a novel viewpoint (chest-height). Possibly, body-based
cues, or memory, ground the self when in VR. However, the present
results caution the use of altered viewpoints in applications where
veridical position sense of body parts is required.
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1 BACKGROUND AND INTRODUCTION
1.1 General Introduction
In this work we investigate where people locate their body parts as
well as where they self-locate within their bodies, before and after a
self-avatar adaptation phase experienced from di�erent viewpoints
in a VR headset. Our interest in this issue is motivated along the
following lines.

Based on multiple studies, it is believed that people do not nec-
essarily locate their body parts accurately. This can even be the
case in healthy populations, when visual feedback is not available
to guide responses. The literature also shows that people do not
necessarily locate themselves in only one bodily location, but rather
in multiple locations (mainly the face and torso). Furthermore, an-
imated self-avatars are becoming increasingly common, both in
applications and in research, while cues a�ording multisensory
information processing related to bodily self-perception can vary
substantially between current technological setups. It is therefore of
relevance for both basic research and applications that provide users
with animated self-avatars or visual perspectives from altered view-
points to understand how these animated self-avatars and di�erent
viewpoints may in�uence both body part and self-localization.

The following subsections (1.2 - 1.5) discuss related work from
a variety of research areas relevant for this topic, specifying the
above general motivation for the present study. This work ranges
from the neural and behavioral sciences to computer science and
more applied research. This section ends with an overview of the
hypotheses for our current experimental manipulations (subsection
1.6).

1.2 Body Part Localization
It is often assumed that humans perceive their body part loca-
tions in space and their relative positions to each other accurately
[Van Beers et al. 1998; Soechting 1982]. While this seems intuitively
correct, most individuals have to be taught to correctly draw hu-
man body proportions [Fairbanks and Fairbanks 2005], otherwise
their drawings demonstrate several systematic distortions [Fuentes
et al. 2013; Kahill 1984]. Using various methodologies relevant to
the present study, systematic distortions in own body part localiza-
tion have been discovered. For example, Hach and Schütz-Bosbach
asked participants to point with their hand, with or without the
help of a laser pointer, to several landmarks on their own physi-
cal body while their body except their face was hidden from view
behind cardboard [Hach and Schütz-Bosbach 2010], and to body
parts on one's own body imagined in front of oneself [Hach et al.
2011]. They found for self-directed pointing with one's own hand
that shoulder, waist, and hip widths were overestimated by ap-
proximately 4 cm. Fuentes et al. [2013] performed a desktop body
image task (BIT) where participants provided estimates of body
part locations on a non-co-located body. On a computer screen, a
head was seen as a mirror image of oneself and several body parts
were to be located relative to this head. They found a large and
systematic over-estimation of width relative to height. Linkenauger
et al. [2015] asked participants to provide estimates of body lengths
using one's hand size as a metric. They found systematic distor-
tions, consistent with the sizes of the respective body parts' neural
representations in somatosensory cortex, constituting what is often

described as the perceptual homunculus. Recently, Van der Veer
et al. [2019] investigated body part localization using VR setups
and found that participants pointed relatively accurately to many
of their body parts, but were particularly inaccurate for the body
parts near the borders of their bodies (the feet, knees, and top of
the head).

1.3 Self-localization within the Body
Most literature focusing on specifying self-location in the body
has used an outlines of a human bodies, where the task did not
involve pointing to oneself but rather localization on a depiction of
a person. When participants were asked to indicate the "centre of
the self" by placing markers on human silhouettes, Limanowski and
Hecht [2011] found a dominant role for the brain (reported most)
and the heart for self-location. They also found that most people
seem to believe there is one single point inside the human body
where their self is located. Using open questions and forced-choice
self-localizing on a body silhouette Anglin [2014], on the contrary,
found some participants reporting that the self is not centralized
in a single location. Overall, she found participants locating the
self and mind in the head and the soul in the chest. Starmans and
Bloom asked people to judge when objects were closer to a depicted
person [Starmans and Bloom 2012], as well as to erase as much
as possible of a picture of a stick �gure named Sally, while still
leaving Sally in the picture [Starmans and Bloom 2011]. Based on
their result, they argued that people locate the self mainly in the
head and, more particularly, in or near the eyes.

Alsmith and Longo [2014] asked participants to point directly at
themselves with a physical pointer, aiming to determine the bodily
location, or set of locations, in which people think of themselves as
located. They found that participants' judgments were not spread
out homogeneously across the entire body, nor to be localized in
any single point. Speci�cally, they observed pointing mainly to
the upper face and to the upper torso. Van der Veer et al. [2018,
2019] extended the paradigm from Alsmith and Longo [2014] to
VR setups and found pointing mostly to the (upper) face and, to a
smaller extent, the (upper) torso. In addition, they found in a paper-
and-pencil task of pointing to self on a picture of a body outline that
people pointed primarily to the upper torso, followed by the upper
face. Alsmith et al. [2017], using a more implicit method, recently
found evidence for the use of a weighted combination of the head
and the torso for self-location judgments. In their paradigm, self-
location is implicated by the part(s) of the body used by participants
to indicate the locations of external objects relative to themselves.

1.4 Self-avatars in VR
Animated self-avatars are becoming increasingly common both
in applications and in neural and behavioural research. Speci�-
cally, a lot of research has focused on investigating body percep-
tion in VR [Slater and Sanchez-Vives 2016]; as well as bodily self-
consciousness [Blanke et al. 2015] and body ownership [Ehrsson
2012]. In one of the best-known studies using VR, Lenggenhager
et al. [2007] used a video see-through VR headset to study the
phenomenology of out-of-body experiences and determined that
people experienced a virtual body seen in front of them as being
their own body and mislocalized themselves towards the virtual
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body. In addition, such related topics as the role of �rst-person (1PP)
versus third-person perspective (3PP) [Petkova et al. 2011; Slater
et al. 2010], the relative contribution of visuomotor and visuotac-
tile information [Aspell et al. 2009; Kokkinara and Slater 2014] in
full-body illusions, as well as body size experiences involving ma-
nipulations of the visual body [Van der Hoort et al.2011; Piryankova
et al. 2014], have all been investigated by using VR technology. It
has speci�cally been demonstrated that a full-body illusion can
be achieved more easily for a virtual body experienced from 1PP
than from 3PP at a distance, both with [Petkova and Ehrsson 2008;
Petkova et al. 2011] and without [Slater et al. 2010] the additional
administration of synchronous visuotactile bodily information. Fur-
ther, ownership over an avatar seen in a 3PP mirror-view has been
shown to be promoted more strongly when it moved in sync with
one's own body movements (visuomotor synchrony) compared to
out of sync [González-Franco et al. 2010].

VR technologies can vary signi�cantly in terms of the visual and
bodily cues available to users. Most prominently, VR headsets have
been used in basic and clinical research. A study by Heydrich et al.
[2013] directly compared headsets using video-generated versus
computer-generated visual information and discussed the poten-
tial di�erences these technologies introduce to the study of bodily
self-consciousness (concerning distance estimation, visual �delity,
latency, visual realism and the measure of self-location with respect
to the environment). Some studies have also used large-screen im-
mersive displays to study body and space perception [Mölbert et al.
2017; Piryankova et al. 2013]. One of the most relevant aspects
mentioned by Heydrich et al. [2013], as well as by Piryankova et al.
[2013], is the di�erence in distance estimations between di�erent
VR setups. It has typically been found that egocentric distance (the
distance from oneself to another location) is underestimated in VR
headsets [Loomis and Knapp 2003; Renner et al. 2013]. This factor
may play a role in the present study, although egocentric distance
has been found to be underestimated less in more modern (under
20%) as compared to older VR headsets (up to 60%) [Buck et al. 2018;
Creem-Regehr et al. 2015; Kelly et al. 2017; Young et al. 2014]. In-
terestingly, avatars have been shown to improve spatial perception
in VR headsets [Mohler et al. 2010; Ries et al. 2008], although the
mechanism for e.g. the improvements found for distance estimates
is not yet fully known. Suggested causes are familiar size cues,
visuomotor adaptation, and increases in presence in the virtual
space [Mohler et al. 2010; Ries et al. 2008]. Recent work has shown
that self-avatars can improve the accuracy of reaching judgments
in VR and that this e�ect increases with the visual �delity of the
avatar (up to approaching the level of real-world judgments), as
well as after feedback during a calibration phase [Ebrahimi et al.
2018a,b]. Moreover, it was shown that people can also calibrate
their action capacities according to altered (non-veridically scaled)
avatars and that this calibration can persist even for actions per-
formed in real-life, after the calibration in VR [Day et al. 2019]. We
additionally hypothesize that a self-avatar allows people to better
understand the boundaries of their body. The present study aims
to test speci�cally the in�uence of a veridically scaled avatar on
body part (and self-)localization by means of pointing to locations
on one's own body before and after a self-avatar adaptation phase.

1.5 Potential Impact on VR Applications
The use of VR technology to provide self-avatars or altered view-
points not only has implications for the study of human perception
and bodily self-consciousness, but has also many use cases in indus-
trial applications. Self-avatars are particularly useful in ergonomic
applications, where the �t between humans, products, and proce-
dures can be tested virtually before production [Colombo et al. 2013;
Honglun et al. 2007]. There is also a large amount of recent work
on collaborative work in virtual environments, showing (partial)
self-avatars to be able to improve collaboration [Beck et al. 2013;
Rabätje et al. 2017].

1.6 Hypotheses
For this study, each participant was provided with an individually
scaled and gender-matched self-avatar, animated by the real-time
tracked movements of the participant and seen from both 1PP
(co-located) and a 3PP (visuomotor synchronous mirror-view), to
provide rich visual and body-based cues about the participant's
body. This multisensory feedback was provided to test whether (a
form of memory based on) visual and kinesthetic information from
this avatar phase would change self- and body part localization
in a post-avatar compared to in a pre-avatar pointing task. People
seem to self-locate mainly in the (upper) face and the (upper) torso
[Alsmith et al. 2017; Alsmith and Longo 2014; Van der Veer et al.
2018, 2019]. The viewpoint from the body during the self-avatar
adaptation phase was therefore manipulated to either (normal) eye-
height or chest-height, to investigate whether this would change
self- and body part localization. Our hypotheses are the following.

(1) Body part localization post-avatar from eye-height will be
more accurate compared to pre-avatar. The multisensory feedback
about the participant's body will improve body part localization
accuracy. (2)(a) Body parts will be indicated as higher post-avatar
from chest-height compared to pre-avatar. (2)(b) In terms of the dif-
ference between post-avatar and pre-avatar body part localizations,
there will be a relative shift upwards for chest-height compared
to eye-height. (2)(a) and (b) are expected to result from the view-
point having been lower than normal (seeing 'from the chest') and
thereby body part locations having been experienced as higher.
(3) In terms of the di�erence between post-avatar and pre-avatar
self-localizations, there will be a relative shift downwards, towards
the upper torso, for chest-height compared to eye-height. Speci�c
self-localization in the body is expected to be in�uenced by the
viewpoint in the body, i.e. self-location will be shifted towards
the experienced viewpoint, which might be expected based on
a suggested connection between 1PP and self-location [Ehrsson
2007; Guterstam et al. 2015; Ionta et al. 2011; Pfei�er et al. 2013].
(3*) An alternative hypothesis is a relative shift upward for self-
localization for chest-height compared to eye-height, to occur in
case self-location is in�uenced by the body parts being perceived
as higher, rather than by the viewpoint being lowered.

2 METHODS
2.1 Participants
Twenty-�ve healthy volunteers (thirteen female; age: M = 27.2, SD
= 5.5, range: 18-44 years; twenty-four right-handed), naive to the
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