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Abstract
Immersive technologies have seen a great expansion in the last

decade and researchers from several disciplines have focused on

exploring virtual reality and the way it can affect human percep-

tion. Virtual reality is a unique medium which has the ability to

transfer the user from the physical environment to a digitally cre-

ated illusion of space, events and interactions which mimic real

life. In this paper, some basic concepts of perception in virtual

reality are introduced, followed by the summary of our research

which primarily focused on the perception of virtual agents. Our

method is based on the concept of interpersonal distance when

people meet in social settings and where the distances they keep

between each other signal the nature of their relationship. We

studied these distances to evaluate realism, attractiveness and

even personality traits of virtual agents in virtual reality. We

discuss how our results can give valuable insights into the hu-

man mind and how we can use this knowledge for training and

rehabilitation applications in virtual reality.
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1 Introduction
Virtual Reality (VR) is an immersive environment where peo-

ple can experience scenarios which mimic physical reality. They

can also be engaged in virtual interaction with real people, pre-

sented in VR as avatars, or computer-driven representations of

real humans. The immersive experience and interaction is a fairly

recent phenomenon, providing a plethora of research challenges

to solve and questions to explore. For example, how do we create

believable virtual environments which will facilitate human in-

teraction and what do peoples’ responses to these environments

teach us about our mental processes?

There are primarily two types of research domains who use VR

in their research. The first, social science, is interested in VR as a

highly controllable replica of a real worldwith the ability to create

“ecologically valid experience”, i.e. human response which is close

to a real-life response, in order to investigate human cognition

and transfer of knowledge from virtual to physical reality. The

second, computer science, is more interested in keeping human

evaluation in the loop to optimise computational power and

enhance virtual environments. While the primary goal of the

second group is not to explore the human mind, it is an inevitable

side effect of their scientific endeavour.

There is, however, a third group of researchers. This group

presents a bridge between the social and computer science by
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exploring the potential of virtual immersive technology to en-

hance human abilities. Its aim is to understand how the virtual

experiences could create new and faster learning procedures, aid

in physical and mental health rehabilitation by broadening the

scope of what is possible in the physical reality, and perhaps even

open up new avenues for human experience, to which we do not

yet know the limits of.

The aim of this paper is to present some examples of research

in VR, dedicated to the exploration of human perception from

both the computer and social science perspective. In order to bet-

ter place the research topic, general concepts of VR are defined in

the first part of this article. In the second part, some of our past

studies using VR as a tool to measure human behaviour are pre-

sented. Our work mainly revolves around virtual agents, digital

representations of humans, who populate a virtual scene in VR

and may have simple or complex algorithms to simulate natural

behaviour. At the end of the article, some of the implications of

our research and how it can help us to understand human mind

are discussed.

2 Virtual Reality
While research in Virtual Reality (VR) goes back as early as 1970s,

it has witnessed a surge in recent years due to the development

of relatively low-cost and ergonomic devices, as well as more

effective and powerful graphics rendering technology. Enter-

tainment industry began to launch VR-specific games (e.g., Beat

Saber, Half-Life: Alyx), social platforms such as Metaverse [16]

are using VR for interaction in online virtual environments, some

organisations use VR to raise social and political awareness [17,

19]. Other immersive technologies, such as Augmented Reality

and Mixed Reality, began their debut to the broad market around

the same time as well. Today, they are commonly addressed with

the unifying term Extended Reality (XR).

VR, however, is unlike any other immersive system. The goal

of VR is to completely disconnect the user from the physical

reality which is different to the aim of other XR systems which

do so only partially. Complex VR systems include head-mounted

display with positional tracking to create the feeling that the

virtual world is surrounding and moving with the user, haptic

stimulation, spatial sound, representation of the user’s body in

the environment, etc. This complexity of the system increases

system immersion [27, 20]. If the immersion is high, the user will

have the feeling of “existing” in the virtual space, an experience

known as “presence” or “place illusion, plausibility” [25, 27].

Other illusions can also be created, most notably the illusion of

social presence (a virtual human appears to be alive) [3, 1] and

embodiment (our virtual body is perceived as our own body).

2.1 Presence
Presence in VR is the experience of an actual place and the feel-

ing that the virtual events are really happening. Lombard and

Ditton elegantly described presence as “the perceptual illusion of

nonmediation” [14]. The concept of presence was most famously

investigated with the so called “virtual pit” experiment [30, 15,
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6], where the participants were standing on the top of a narrow

ledge in a virtual room, looking down to another room through a

wide gap in the floor. The experimenters [6] could detect changes

in galvanic skin response, shaking and loss of balance and the

participants reported intense emotional reactions of fear as if

they were in real danger of falling.

Several other types of environments and scenarios were used

by the researchers to elicit emotions (see [4] for an overview ).

Apart from research on the concept of presence, training and

rehabilitation applications were developed in VR to exploit this

ability of a virtual environment to induce realistic responses in

people. Related to the pit experiment, for example, assessment

of construction workers for their postural stability at different

heights have been developed [7], and in psychotherapy, similar

environments are used to gradually expose acrophobia patients

to increasing levels of height [13].

2.2 Social Presence
Social presence is the illusion of being present with another in

a virtual environment, or simply the “sense of being with an-

other” [3]. The definition is broad and sometimes other terms are

used to define similar or related constructs, such as telepresence,

co-presence [21], and plausibility [27]. In VR, the term social

presence is more commonly used to denote the level of believ-

ability of a co-located virtual human, especially if this virtual

human is computer-driven (agent) and we wish to evaluate its

naturalness. Social presence with other users in VR (avatars) can

also be investigated to evaluate aspects of the system and the

environment, such as ability to represent users with emotional

expressions or communication channels (sound, text interface),

which enhances the collaboration aspect between the users in

the VR environment.

Depending on the definition, different ways of measuring so-

cial presence exist. Researchers who agree that social presence is

a cognitive construct will typically use questionnaires for evalua-

tion [2], while other researchers prefer to use indirect measures,

such as eye-tracking and psychophysiology [27], signs of social

influence [28], or task-related behaviour [26, 18].

2.3 Embodiment
Embodiment or the Sense of Embodiment (SeO) is the feeling of

possessing the virtual body in VR, which feels like it is “ours,” and

moves according to our intentions [11]. This illusion is linked to

the virtual body in VR for which the movement is driven by the

user, wearing a tracking device while his HMD view is centered

at the eye-view of the head. If the user observes the movement

of his hands and body when immersed in VR, he can develop

a sensation that the body is actually his own. This illusion was

first documented in real-life studies as the so called rubber hand

illusion [10]. The feeling of ownership of an artificial body can

develop when receiving synchronous visual input and touch

sensation on both the virtual and real hand, with only the virtual

hand being visible to the user. The same effect can be reproduced

using proprioception (the user observes his virtual arm moving

as he is moving his real one). Not only is the SeO enabling a more

immersive experience (presence is increased when embodiment

is added in VR), the SeO is a testament to the the importance of

the role of multimodal input in the embodied experience [11].

The illusion was also explored in creative applications, such as

giving the user a sense that they possess a part of a body which

they actually do not have in reality, e.g., having a sixth finger [9].

Some researchers also explore the idea of co-sharing of a virtual

body, where the agency over one avatar can be shared between

two users, e.g. one user possesses the left arm an the other the

right, as well as different percentages of possession of the full

avatar body [5].

3 Using VR to study the perception of virtual
agents

As previously mentioned, agents are computer-driven represen-

tations of humans who can possess simple or complex behaviour

characteristics. Researchers strive to understand how to increase

their naturalness, appeal and interactive abilities and the above

mentioned illusions, presence, social presence and embodiment,

play an important role in this endeavour. Presence increases the

believeability of the scenario with the agent, social presence in-

fluences the user to exhibit social behaviour, and embodiment

gives us the opportunity to measure user’s body position and

movement in relation to the agent in the virtual space.

3.1 Proximity
Interpersonal distance or proximity is the minimum distance that

people maintain between one another when involved in social

interaction. The measure comes from proxemics described by

Hall [8] who introduced it as an indicator or comfort and familiar-

ity with other people. Many factors influence how close we will

approach another: familiarity, culture, gender, personality, etc.

Closer distances reveal trustworthiness and comfort, while fur-

ther distances can signal mistrust, discomfort or fear of the other.

In VR, proximity has been used to explore the social influence of

virtual humans [1].

The proximity measure can be expressed simply as the Eu-

clidean distance of the current camera (user) position and the

position of central mass of the virtual character in the virtual

space. It is important that the user is navigating the environment

by natural walking in order to preserve distances comparable to

real-life interactions. The proximity tasks can vary. In the passive

approach, the user is approached by an agent and is asked to

press a button at the precise time they begin to feel uncomfort-

able with the agent’s proximity (see image a, Figure 1). With the

active approach, the user approaches an agent instead, typically

to complete a task, e.g., read the name tag on the agent’s chest. In

the avoidance task, the agent is an obstacle in the environment

and the user avoids it to reach a goal. With active approaches,

we can generate and analyse walking trajectory from the posi-

tions of the user through time (see image b, Figure 1) in terms

of walking speed, minimum passing distance, average distance

from the obstacle, etc. The avoidance behaviour between real

and virtual humans has some differences: clearance distance for

virtual agents is larger than real humans [24]. However, factors

affecting the proximity were found to be generally similar to the

ones in physical reality.

3.2 Previous Research
Some of our most relevant results using proximity are presented

in this section. The studies used primarily agents which were

highly realistic and had real human motion applied using high-

performance motion capture (Vicon) with 53 marker system to

track the major joints and location of the body. The VR environ-

ments were created with Unreal Engine 4 or 5, and we primarily

used HTC Vive with natural locomotion (participants could tra-

verse the environment by walking) to immerse our participants
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Figure 1: Examples of our experimental stimuli and measures of proximity: a) passive approach, where the virtual agent
approaches the user and signals by pressing a button at the precise moment they feel uncomfortable with the agent. The
Euclidean distance between the central mass of the agent and user’s head-mounted display is recorded as the value of
proximity; b) active approach, where the user (dark-grey character on the right of the image) circumvents the agent while
walking through the virtual environment. Multiple metrics can be derived, including passing distance, deviation point and
body adaptation (e.g., shoulder rotation).

in the virtual scenario. In all our studies, the participants also

possessed a virtual body.

3.2.1 User agency. In Zibrek et al. [31], we were investigating

the affect of agency over a virtual character in VR. The users were

using the Vive controller to either trigger the character motion

(avatar condition) or observe the character (agent condition).

Afterwards, users were asked to approach the character to find

its name tag that was attached to his chest. The aim was to

test whether users will come closer to the agent they previously

controlled as opposed to an agent whomoved independently. The

lack of control over an agent could give the impression he has

the ability to have independent and unpredictable behaviour. The

results showed that it was not the condition, but the subjectively

perceived agency (how much the user actually felt in control

of the character) which reduced the proximity, revealing the

importance of perceived agency as opposed to designed one.

3.2.2 Gender and attractiveness. In human interaction and VR,

people will keep different distances from each other depending

on their gender: males will stand further away from males and

closer to females. Our study [32] focused on proximity to virtual

walkers, where gender could be recognised from motion only,

since previous studies using point-light displays found walking

motion is rich in gender cues [12]. We were also interested to

see if a more attractive motion would decrease the proximity.

We designed an experiment, where a virtual agent approached

the embodied participant. The agent animation was motion cap-

tured from several male and female actors and each motion was

displayed individually on the character. Participants used the

controller to stop the approaching agent when they felt it was

uncomfortably close to them. Our results showed no difference

in proximity according to the gender of the character, however,

the gender of participants affected proximity (females had larger

proximity distances to male users). We also found evidence that

greater attractiveness will decrease proximity. This was shown

only by rating the attractiveness of the motion of the agent, show-

ing the importance of body motion to infer information about

other people.

3.2.3 Agent animation. We approached the perception of mo-

tion from the perspective of distinct movement patterns which

can be observed on people with neurotic and emotionally stable

personality traits [22]. We designed an experiment in VR, using

a photo-realistic metro scenario, where we studied the avoidance

behaviour of participants when encountering these two types

of virtual characters in a constrained environment. Our results

indicate that neurotic motion increases the proximity even in

tight spaces and also affects the choice of metro exit where they

would be less likely to exit from a door which is obstructed by a

neurotic agent.

In our most recent work [23], we were interested if there

is something specific in the motion pattern of neurotic motion

which influences the proximity. We focused on the aspect of

motion predictability where we hypothesised that more unpre-

dictable motion will increase the proximity distance in VR. We

designed an experiment, where participants were avoiding an

moving obstacle in VR with varying motion characteristics in

terms of speed and predictability. We found that participants

exhibiting a tendency to maintain larger distances in scenarios

where obstacle speed was higher. Predictability had a lesser ef-

fect than speed and became noticeable when the overall average

speed of the obstacle was lower. Future work will attempt to

implement this experiment by substituting the moving object

with a virtual agent where we will systematically control its body

motion predictability.

4 Discussion
The illusions of presence, social presence and embodiment show-

case an amazing aspects of human perception. Firstly, they show

us that in its very basis, the experience of reality or the feeling of

being in a place is a multi-modal sensory experience. The feeling

of being with another can simply be induced with a visual pres-

ence of a moving human character. Embodiment can be achieved

with synchronising haptic/proprioceotive and visual signals.

Second, our proximity studies showed that autonomous virtual

humans can exude social influence and affect peoples’ behaviour

in VR. In our studies, we successfully implemented the measure

of proximity to study agent characteristics, such as attractiveness,

gender, and even personality. However, VR gave us the ability

to separate movement attraction from physical appearance [32],

as well as the ability to control the factor of appearance from

personality behaviour [22], for example.

Furthermore, our latest work is studying the aspects of agent

animation to create perceptually appealing agents. This builds

upon the VR as tool to explore human perception but to also

create new elements of human experience which will, hopefully,

affect the implementation of these findings in new and unpre-

dictable ways. By understanding and controlling aspects of agent

motion and behaviour, we could anticipate the creation of ‘ap-

pealing agents’, who would be likable and comforting to the VR

users and have the ability to improve the outcome of training
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and rehabilitation applications. One of the possible use cases is

building virtual therapists [29] who could guide the user through

techniques to improve mental health and help automatising the

rehabilitation aspect to enhance the accessibility of psychother-

apy.

While the results of our studies are a testament to the flexibility

of our perceptual system, they also show the reliance of human

perceptual mechanism to build upon past experience in order

to process the artificial cues. The fact that the agents exhibit

social influence is due to having experience with real humans

and projecting that knowledge in order to predict the behaviour

of artificial humans. An interesting observation in our studies, for

example, was that we never specifically instructed participants

to avoid the virtual agent - they did this on their own accord, as

they would in the real world.

It is equally important to note, there are several limitations to

our approach. Proximity has multiple confounding factors related

to individual and cultural differences, ergonomics is still not

optimal for VR systems, and creating truly believable behaviour

of the virtual agents is incredibly challenging.While there is hope

in the development of new, lighter and less obstructive HMDs, as

well as using AI to create more believable behaviour for agents,

these endeavours are still in its infancy. And finally, covering

all the range of studies related to the perception in VR and its

limitations is impossible to do in this paper, as the topic is broad

and cannot be sufficiently presented in a condensed manner. The

purpose of this article was simply to give an example of how

VR can be used for perceptual investigation, and perhaps spark

interest for this topic in the scientific community.
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