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We review the concept of presence in virtual reality, normally thought of as the sense of “being there” in the virtual world. We argued in a 2009 paper that presence consists of two orthogonal illusions that we refer to as Place Illusion (PI, the illusion of being in the place depicted by the VR) and Plausibility (Psi, the illusion that the virtual situations and events are really happening). Both are with the proviso that the participant in the virtual reality knows for sure that these are illusions. Presence (PI and Psi) together with the illusion of ownership over the virtual body that self-represents the participant, are the three key illusions of virtual reality. Copresence, togetherness with others in the virtual world, can be a consequence in the context of interaction between remotely located participants in the same shared virtual environments, or between participants and virtual humans. We then review several different methods of measuring presence: questionnaires, physiological and behavioural measures, breaks in presence, and a psychophysics method based on transitions between different system configurations. Presence is not the only way to assess the responses of people to virtual reality experiences, and we present methods that rely solely on participant preferences, including the use of sentiment analysis that allows participants to express their experience in their own words rather than be required to adopt the terminology and concepts of researchers. We discuss several open questions and controversies that exist in this field, providing an update to the 2009 paper, in particular with respect to models of Plausibility. We argue that Plausibility is the most interesting and complex illusion to understand and is worthy of significant more research. Regarding measurement we conclude that the ideal method would be a combination of a psychophysical method and qualitative methods including sentiment analysis.
Keywords: virtual reality, presence, place illusion, plausibility, body ownership, questionnaires, measurement
INTRODUCTION
Some physicists argue that there are an infinite number of parallel universes and even that these universes interact with one another at the quantum level (A very interesting discussion of the multiverse can be found in (Deutsch, 2011)). It is very hard for people not trained in mathematics or physics to have any idea what this might mean. However, with Virtual Reality (VR) we do have an example of how a parallel Universe (of sorts) can occupy the same physical space as our Universe in space and time. You are in your living room, and you don a head-mounted display. You perceive an alternate computer-generated world through a wide field-of-view head-mounted display (HMD), in stereo. As you move your head the images that you see and the sounds you hear update in predictable ways, enabled through 6 degrees of freedom head tracking. If you see a close object, you can move your head to see what is behind it. If you bend down, you might see under it. In this case the world that you perceive is a concert that happened in 1983. You look around and see that you are in a theatre. There are thousands of other cheering people there. You see several people run onto a stage and when they are in position some guitar music starts to play. From a loudspeaker booming out across the theatre you hear “Good evening ladies and gentlemen, would you please welcome to the stage—Dire Straits!”
Where are you? Of course, you are in your living room. But your sensory system only perceives the reality of the theatre. The band starts to play “Sultans of Swing” and the audience around you dance in rhythm with the music. You find that you are dancing too. You look around at the people close to you. One of them appears to be staring at you. Another quickly turns away when you look at him. What am I doing here? a woman alone at this concert, with some quite creepy men around me. Maybe one of them will come over and start to try to engage with me. This is a nightmare.
This actually happened. Research that started from computer vision techniques to extract 3D geometry, texture and animation from video footage of a Dire Straits concert, and that used crowd simulation to create the audience transforming the whole into a VR scenario, was experienced as a “nightmare” by some participants in a pilot study (Beacco et al., 2021). Although unexpected and apparently negative, this was a highly informative result. In reality there was no theatre, no band playing and no audience. Nevertheless, the objective reality of lit pixels on two small screens and the sound from loudspeakers on the HMD were experienced as a live scene where many events were happening—including, for some women, frightening ones such as audience members “ogling” and “pretending not to be staring at” them, arousing fears of possible sexual harassment. In fact, none of these negative events at all were programmed into the scenario—there were no virtual audience members staring at participants (except a momentary glance by chance)—yet such illusory events were perceived by about half of the 20 participants in the pilot study.
How is it possible for people to have such experiences? We argue that this occurs through a number of illusions that are generated through VR experiences. People act out of these illusions as if they were real. In the rest of this paper we discuss those illusions, how they have been measured, and follow-on with some open questions and controversies.
THE ILLUSIONS OF VR
VR and other immersive media such as augmented reality (AR, considered later) can generate at least three unique illusions that are not possible with other media. Here we mean illusions in the sense that people have perceptions that arise from digital sources that are totally different from what is actually being perceived. The perceptions are real perceptions, and people may act on them as if they were real (Chalmers, 2017, 2022; Slater and Sanchez-Vives, 2022). For example, a participant in VR perceives a 0.5 m3 cube stationary in space which reflects light that suggests that it is metallic, and which can be walked around and looked at from various locations, including ducking underneath it. There is an illusion of seeing a heavy cube somehow floating in the air. But what is actually happening? The participant is looking at two small screens modulated by an optical system, which displays illuminated pixels in a variety of colours. One shows a left eye view and the other a right eye view computed from the perspective projections of computer graphics. The brain integrates all this information into the perception of a cube. What is perceived is nothing whatsoever like the source of the perception. While standing in front of the cube it suddenly falls to the ground. Most participants would jump backwards–an automatic response caused by fear of the cube landing on their toes. This “falling” is nothing more than a sequence of colour changes of some of the illuminated pixels. Although one could make the same argument about perception in reality (we do not see “reality”—atoms, quarks etc. but an interpretation constructed by our sensory apparatus and brain processing) the source is quite different. For example, the entire physical apparatus responsible for perception in VR (computers, head mounted displays etc) can also be decomposed into atoms, quarks etc.—but the physical atoms cannot be decomposed into pixels on a display. So the VR apparatus and system is at a different level to physical reality, and the fact is that in spite of perceiving and reacting to a cube, there is no cube there.
The first two illusions we consider are part of the concept of “presence” originally considered as the sense of “being there” in the virtual world (Held and Durlach, 1992; Sheridan, 1992, 1996; Sanchez-Vives and Slater, 2005). Presence has been decomposed into two dimensions—“Place Illusion” (PI) and Plausibility (Psi). PI is the illusion of being in the place depicted in the VR (“being there”) in spite of the sure knowledge that this is not the case. “Plausibility” (Psi), is the illusion that events in the VR are actually occurring, that what is perceived is happening (a cube is falling towards your toes), again in spite of the knowledge that the events are digitally generated and nothing that is apparently happening is actually happening in reality (Slater, 2009). Events in VR correspond to changes in the illumination of pixels, changes in generated sound, and possibly other digitally generated sensory information such as haptics or olfactory.
The basis of PI is that perception in VR is through natural sensorimotor contingencies (O'Regan and Noë, 2001)—that is, participants perceive through using their body following much the same rules as in physical reality—turning the head, bending down, reaching out, looking around objects. A head turn, for example, results in updates to the displayed images so that participants would see visual changes and hear auditory changes corresponding to what would occur in reality. This is based on 6 degrees of freedom head-tracking, and possibly eye tracking. This integrates both interaction and display—since natural sensorimotor contingencies demand that what is displayed conforms with body movements. For example, if the participant looks closely at an object and sees pixels, then this breaks PI.
Psi relies on 1) the virtual environment responding to actions of the participant (for example, the participant looks towards a virtual human character that then responds by looking back); 2) events in the environment contingently referring to the participant (for example a virtual human character smiles towards the participant without any prior cause). 3) Where the virtual reality is a simulation of something that could occur in reality, depicting a situation in which the participant has expertise, then virtual events should meet expectations. This may be highly specific to the individual. In the virtual concert scenario discussed above, some participants noticed that the drummer was sometimes not moving in sync with the beat, or even that the light reflected from the guitar strings of the performers did not match the sounds that they were making. Also the concert was supposed to be in the 1980s but no one in the audience was smoking. This last example required that the participant concerned knew that smoking in theatres was still possible in London, United Kingdom, in the 1980s. Other participants who did not know this would not find the lack of smoking to be a failure of expectations. In a study of medical doctors who were in consultation with virtual patients, many complained that they could not read the screen of the computer on their (virtual) desk that they would typically be doing in reality (Pan et al., 2016). Skarbez et al. (2018a) introduced the term “coherence” to describe some of the factors that go into producing Psi, and we will return to this concept later.
PI and Psi are conceptually distinct and can be considered as orthogonal axes that make up an overall response that might be labelled as “presence.” Empirically they may be correlated, although they have been found to be different in, for example, (Slater et al., 2010a; Hofer et al., 2020) but with unclear results in (Brubach et al., 2022). Psi is beginning to be extensively studied e.g. (Bergström et al., 2017; Skarbez et al., 2017; GalvanDebarba et al., 2020). The important point of this is that when both PI and Psi operate people tend to respond realistically to situations and events in the VR, even though they know for sure that these are illusions and not reality.
Psi is the more complex and interesting aspect, since a seemingly unimportant feature of the environment that does not fit expectations can result in its loss. For example, in early versions of a study of bystander responses to violence, where the bystander was in a bar talking to one person who was attacked by another over an issue to do with soccer (Rovira et al., 2009; Slater et al., 2013), we were told by some participants that the scenario was not consistent with what would be expected in reality. Why? because a bar with that type of decoration would never be patronised by soccer fans. On the other hand in an environment that was used for cognitive behavioural therapy for people with fear of heights, participants looked into an atrium formed by several tall buildings (Freeman et al., 2019). A whale was “swimming” between the buildings, yet people simply accepted this without comment. In a 3D chess scenario, when participants touched a chess piece it would fly to its next location (Slater et al., 1996). No participant found this odd, and when asked about it, one said that: In this world that is the way things are.
The third illusion is “body ownership.” When participants wear a wide field-of-view head-tracked stereo head-mounted display and they look down towards themselves, they will see a life-sized virtual body substituting their own, from their first person perspective (1PP) (if this has been programmed). Utilising real-time body tracking, as the person moves, their virtual body can be programmed to move synchronously and in correspondence with their own movements (referred to as visuomotor synchrony). If something is seen to touch their virtual body, then it can be arranged that a corresponding tactile stimulation is applied synchronously to their own real body (visuotactile synchrony). We refer to this as embodiment, which involves multisensory integration of the 1PP view of the body, and visuomotor or visuotactile synchrony, which will typically lead to the illusion that the virtual body is their own—even though they know for sure that it is not. Based on the original finding of the Rubber Hand Illusion (Botvinick and Cohen, 1998) ownership over a virtual body has been demonstrated multiple times—for example, (Petkova and Ehrsson, 2008; Slater et al., 2008; Slater et al., 2010b; Banakou and Slater, 2014). Moreover, changing the type of body can lead to physiological, behavioural, attitudinal, and cognitive changes in the participant. For example, multiple replications have shown that embodying White people in a Black virtual body will lead to sustained reduction in their implicit racial bias (Peck et al., 2013; Maister et al., 2015; Banakou et al., 2016; Hasler et al., 2017; Banakou et al., 2020). However, if the affective situation in which this occurs is a negative one, then implicit bias tends to increase rather than decrease (Banakou et al., 2020).
There is a fourth illusion that can be thought of as a corollary of these three, referred to as copresence (Nowak and Biocca, 2003). When in a virtual environment simultaneously with other remotely located people copresence refers to the extent to which the participant has the illusion of being there with the others, or virtual togetherness (Durlach and Slater, 2000). Participants should be represented in some form with virtual bodies, otherwise it would not be possible to know that they are there or where they are. Sensorimotor contingencies lead to the possibility of the participant having the illusion to be in the same space as the others. For example, each person has a representation that in principle the participant can walk around, look behind, hear the voice from different locations, reach out and touch, and so on. Exactly the same requirements for PI incorporate this aspect of copresence—i.e., the illusion of sharing the same space. Then Psi is needed for participants to be able to take the interaction events as really occurring. Hence the characters should respond when interacted with, for example, change gaze direction, and characters should be able to initiate interaction with the participants (Garau et al., 2005). The characters should move appropriately depending on context, so that the expectation “this is how a human should behave” is met. The requirement to satisfy expectations is the most difficult because it depends very much on context. For example, if the characters are represented as high quality human models, then they should behave according to this, but if they are represented, say, as clearly cartoon characters, then expectations about their behaviour might be different.
Copresence leads to results that would be expected under similar circumstances in reality. A good example of this is proxemics, where people maintain different distances from one another depending on their relationship at the time: intimate, personal, social and public (Hall, 1973). Bailenson et al. (2003) found that proxemics predictions from reality also operate in VR. Llobera et al. (2010) found that skin conductance varied with distance of virtual human characters from the experimental participant in accordance with proxemics theory. Kastanis and Slater (2012) found that a Reinforcement Learning agent, represented in VR as a human character, learned that if it moved close to experimental participants they would back away (since the character entered their personal or intimate space causing discomfort) and then it used that to manipulate participants to a target spot in the virtual environment. A recent overview and review can be found in (Williamson et al., 2021).
There is a question as to whether the issue of copresence only refers to the situation of remote participants meeting in the same environment, or whether it can also apply to sharing the space with virtual characters controlled by an algorithm. In fact, there is a range of possibilities between these two (full control of the avatar by an embodied person, or control of an avatar by a computer program). Suppose that the avatar is only partially controlled by a remote person—for example, the person controls the location and gaze direction, but not the bodily gestures because there is no motion capture. Or suppose that the remote person only controls the speech, which is then mapped to appropriate lip-sync on the virtual human character, but the facial expressions and body gestures are wholly determined by an algorithm. In any of these situations the issue of copresence (do participants feel together with such representations?) is the same. Therefore, it can be argued that copresence first, is not a separate phenomenon from PI, Psi, or body ownership, if these are operating correctly and applied to the representations and actions of virtual characters, then there will be copresence. Second, copresence can occur whether the other characters are wholly representative of remote people or wholly determined by a computer program, or any variant in between these two extremes.
Recent reviews on the concept of presence can be found in (Parola et al., 2016; Skarbez et al., 2018b; a; Felton and Jackson, 2022) with a meta study in (Cummings and Bailenson, 2016). Grassini and Laumann (2020) focus on the variety of measures that have been used, and Souza et al. (2021) present a meta-study of over 1,200 papers on methods of measurement of presence. It is noteworthy that 86% of these papers used subjective measures and 12% used both subjective and objective. In the next section we discuss different approaches to measurement.
THE PROBLEM OF MEASUREMENT
Questionnaires
Since presence refers to subjective illusions (PI, Psi) the obvious way to elicit the sense of presence has been through questionnaires. Schwind et al. (2019) identified 15 questionnaires in their review. A widely used one is by Witmer and Singer (1998), which focuses on asking opinions of participants about a number of factors that have been thought to promote presence, but it has no questions about the sensation of “being there” itself (Slater, 1999). An early questionnaire that came to be known as SUS, though never formally validated, appeared, for example, in (Slater et al., 1994), and concentrated on the participant’s sense of “being there” in the virtual world, the times when the virtual world became the participant’s reality so that they forgot about the real world, and the extent to which participants evaluated the virtual world as “somewhere that you saw” or “somewhere that you visited.” A fully validated questionnaire based on factor analysis was developed by Lessiter et al. (2001), which was intended also as cross-media (not only for immersive virtual environments). Their factor analysis pointed to three major components. The first is the “sense of physical space” which is closely related to the general view of presence (in particular PI) as “being there.” The second factor “engagement” refers to how much participants are involved and interested in whatever is happening in the virtual world. The third factor is “ecological validity,” which is concerned with “believability and realism” and overall consistency between the different sensory streams. This is most closely related to the concept of Psi, but is not the same. The fourth factor is “negative effects” such as discomfort, simulator sickness, and so on. Another comprehensive factor analysis study carried out by (Schubert et al., 2001) led to a similar three component model: spatial presence (“being there”), involvement, and realness. This has come to be known as the Igroup presence questionnaire.
There are fewer examples of questionnaires specifically aimed at copresence. A series of three studies where groups of three remotely located people carried out tasks together in VR, developed one of the first questionnaires. These included questions such: “There was a sense of being with the other people,” “The computer interface seemed to vanish and there was direct working with the other people,” “Rate how closely your sense of being together with others in a real-world setting resembles your sense of being with them in the virtual room” (Tromp et al., 1998; Steed et al., 1999; Slater et al., 2000). These types of questions were derived simply from the idea of copresence. Drawing on the extensive collaborative virtual environments literature Garau et al. (2001) reported an experiment on the impact of different eye gaze models on quality of communication between two remote individuals represented by avatars via a video tunnel. The quality of communication was assessed by a questionnaire eliciting four aspects: the extent of face-to-face communication that was perceived (e.g., “I could readily tell when my partner was listening to me” and five other questions), the degree of involvement (“I found it easy to keep track of the conversation,” “I felt completely absorbed in the conversation”), partner evaluation (e.g., “My partner was friendly,” and four other questions), and copresence (“I had a real sense of personal contact with my conversation partner,” “I was very aware of my conversation partner”). These same questions were used in a later study where participants met via immersive VR (Garau et al., 2003). Bailenson et al. (2005) introduced a measure of copresence using three questions (‘Even when the “other” was present, I still felt alone in the virtual room,’ “I felt like there was someone else in the room with me,” ‘I felt like the “other” was aware of my presence in the room.’ Bulu (2012) carried out a study using the (2D) Second Life as the shared virtual environment, and assessed copresence as the sense of being part of the group and each participant’s assessment of the copresence of the others. A psychometric scale for copresence was developed by Poeschl and Doering (2015) in the context of a fear of public speaking scenario and in the German language. As can be seen while there is a lot of variability in the questions that researchers have used for copresence, there is the common aspect of simply the sense of being with other people.
There are several problems with questionnaires if used alone. One is that they are typically administered after an experience rather than while the experience is taking place. Schwind et al. (2019) showed that questionnaires can be administered during the actual experience so potentially overcoming this disadvantage. However, contrary results were found by (Graf and Schwind, 2020). Moreover, a problem with this is that it forces participants to take a meta-view of their experience during the very time that it is required to just experience it. A second problem with the use of questionnaires alone is that the questionnaire itself may bring about the very feelings that it is supposed to measure. For example, Slater (2004) carried out a study about an entirely invented concept called “the colourfulness of your day.” Participants were asked to think about their previous day and answer various questions including how “colourful” it was. Correlations were found between this and various other factors in the questionnaire, just as correlations are found with the sensation of “being there.” The problem of course is that before being introduced to this idea of a day being “colourful” participants almost certainly did not ever think in those terms. Similarly, it is possible that the feeling of “being there” never occurs to participants in a VR experience, but that this is introduced to them solely through the questionnaire. In other words, the researcher’s conceptual framework is imposed on the participants.
Behavioural and Physiological Surrogates for Presence
In order to obtain a more objective approach to the measurement of presence (PI), behavioural or physiological surrogates have been used. Going back to our opening example, some participants clearly had a strong response to being at the virtual Dire Straits concert, feeling that they were alone, that people were staring at them, and so on. This indicates a high level of both PI (they are at the place of the concert) and Psi (that this was really happening) and also copresence (with the virtual audience around them)—otherwise, becoming stressed about their situation would have made no sense. Meehan et al. (2002) formalised the idea of using physiological measures of stress as a surrogate for presence to measure these types of response. People were placed in different conditions standing by a precipice and their heart rates were measured, the argument being that increased heart rate would indicate arousal, which is what occurred. Spanlang et al. (2007) carried out an experiment where a fire broke out in a virtual bar, and at first other (virtual) people in the bar ignored it—which resulted in physiological responses such as heart rate, heart rate variability and skin conductance responses indicating significant arousal. Martens et al. (2019) had one group of participants go up a building in an interior elevator and another group in an external elevator, and found differences in a range of physiological responses, with greater arousal amongst those in the external elevator. Ríos and Pelechano (2020) placed participants in a train station, where suddenly virtual travellers started running in a particular direction, as if there were an emergency. Participants tended to follow the escaping virtual characters. Putze et al. (2020) investigated the relationship between physiological responses and questionnaire administration during and after the VR experience, and the results suggested less disruption to presence for questionnaires administered during the experience, and the result of Graf and Schwind (2020) is also relevant to this.
As well as physiological measures of arousal, brain activation has also been measured with EEG, for example (Baumgartner et al., 2006; Kober et al., 2012; Kober and Neuper, 2012; Clemente et al., 2014; Petukhov et al., 2020). One study suggested that placing participants in a stressful situation in VR can lead to extreme stress as indicated by brain activation responses (Fadeev et al., 2020).
Ochs et al. (2022) introduced a new approach for presence and social presence. During the course of social interaction, involving a doctor delivering bad news to a patient, various multimodal measures were recorded, mainly concerned with speech (e.g., length of sentences). Place presence and copresence were measured using the questionnaires in (Schubert et al., 2001) and (Bailenson et al., 2005) respectively. Then machine learning methods were used to successfully predict the levels of reported presence in each case. Association between subjective reports and other non-subjective measures (physiological, behavioural) is one of the best ways to demonstrate that there is indeed an underlying phenomena, which can be measured consistently in independent ways.
A sure sign that participants in VR exhibit correlates of presence such as emotional, behavioural and physiological changes is that one of the main areas where VR has been used in the past 30 years is in clinical psychology. In these applications VR is typically used as an adjunct to cognitive behavioural therapy, where participants are gradually exposed to the anxiety causing situation. Using VR this exposure can take place in the office of the clinician rather than trying to arrange real situations for exposure or giving the client “homework” that they can report on during the next session. This can only work because presence (both with respect to PI and Psi) operate—so that participants, even though they know that the situation is entirely virtual—nevertheless experience similar anxiety as they would in physical reality. Without this level of anxiety, therapeutic techniques would not work. For reviews see (Rizzo and Kim, 2005; Freeman et al., 2017).
The problem with using behavioural and physiological surrogates and EEG for presence is that this technique can only be used in limited circumstances—in particular for environments that cause measurable arousal (whether with negative or positive affect). In circumstances where there are no predicted arousal effects then this method cannot be used, or only where there are specific triggers that are there solely in order to elicit physiological or brain responses. So, although behavioural and physiological measures, and especially in combination with questionnaires go some way towards a reliable and objective measure, they cannot provide a general answer.
Breaks in Presence
The third main method for assessing presence is based on the idea of “breaks in presence” (BIP). This has its basis in our approach to understanding what presence is and its relationship to sensorimotor contingencies. The argument is that the normal state is that participants will have the sensation of PI in a virtual environment which has at least 6 degrees of freedom head-tracking (whether a Cave or wide field-of-view stereo HMD). However, every so often there may be a glitch, such as a sudden change in frame rate, or an event that breaks consistency or expectation, or even something simple such as bumping into a (real) wall. If we think of PI as essentially “always on” but with occasional failures, then the number of failures and their occurrences through time would provide an interesting measure of presence. This was first put forward in (Slater and Steed, 2000). In this framework we can think of the responses to a post-experience questionnaire as the integral over time of these continual periods of “on” instead of “off” so that the number of BIPs should correlate inversely with post-experience presence questionnaire scores. The problem with BIPs, however, is to know when they occur. In the original paper a BIP was signified by the participant, the argument being that if a BIP had already occurred then reporting that fact could not in itself diminish presence, because it had already been diminished. Another method has been to try to find physiological correlates for BIPs. Slater et al. (2003) studied how breaks in presence were signified by patterns in physiological responses, specifically ECG and skin conductance. Rey et al. (2011) found a relationship between blood flow velocity responses and breaks in presence forced through deliberately caused glitches in the VR. Liebold et al. (2017) viewed BIPs as orienting responses towards the virtual or real world and differentiated between different types of BIPs on this theoretical basis. They found associations between various types of BIP and physiological responses.
Breaks in presence have the advantage over questionnaires that they are intrinsically based on what is experienced during, rather than evaluations after, the VR exposure. Whether a questionnaire is posed during or after an experience it inevitably forces the participant to assess the experience in terms of phrases that are imposed from the outside. A BIP can be just a sudden failure of whatever it is that the participant takes as their presence in their separate reality induced by the VR, and from the point of view of the participant can be considered as conceptually neutral: it broke, we do not really need to know what they mean by that, it is just an observed fact. The problem is in the observation. Do we allow participants to self-report BIPs? perhaps they might forget to report an occurrence in the excitement of the moment, or maybe they feel impelled to report something because this is the expectation imposed on them. If we do not allow participants to self-report then some other means needs to be introduced—for example, physiological responses that indicate a BIP. In this case there would therefore be a double layer of assessment—first, whether the physiological measures really indicate a BIP with all the problems of false negatives or positives, and second, instead of directly assessing whether a BIP has occurred it is now an indirect measure. It is more cumbersome, with the high probability that an additional layer of technology involves an additional layer of error. Although relatively neutral compared to a questionnaire, and while the BIP idea is conceptually interesting, it still has potential problems (Skarbez et al., 2020).
Configuration Transitions
Why are measures of presence (whether PI or Psi) useful at all? There are at least two reasons. First, VR uniquely delivers PI (in the sense meant in this paper), and if a system or application does not at least result in that, then there seems to be no point to using VR. Second, generally application designers need some criteria against which to understand trade-offs between different factors that could be included in their designs. Understanding how different trade-offs may influence PI and Psi therefore requires some way of measuring these. To reiterate our view: there is immersion, i.e., the objective capabilities of the system. Presence is a subjective response. The goal is to understand how varying these different immersive capabilities influence presence.
The situation has some parallels with colour perception. There is physics, light being emitted or reflected at different wavelengths into the eye. This is the objective aspect. Then there is the human perceptual response where the wavelength distributions are interpreted as colours. However, the situation is not so straightforward. There is not a 1-1 mapping between wavelength distributions and perception of colour. Different wavelength distributions can result in the same colour perception (metamers) and different people may interpret the same wavelength distribution quite differently. The human visual system builds colour perception from three types of cones in the retina (so-called “red,” “green,” and “blue”), yet the wavelength distributions are infinite. Colours are quantified, however, through colour matching experiments. For example, a target colour is projected onto a screen and an experimental subject has control over three projectors emitting red, green or blue light, combined onto a different patch. The subject can manipulate the intensities of the three projectors, so mixing red, green and blue in different proportions. The subject’s task is to find the intensities of the red, green and blue that result in a colour that perceptually matches the target. By repeating this over a number of people, each colour of interest can be associated with a particular combination of proportions of red, green and blue intensity. Hence there are no questionnaires to elicit a colour (e.g., “How red is this on a scale of 1–7?”) but only the colour matching process. This does not require any knowledge of how the person “really sees” the colour only that they match it to the target colour.
In (Slater et al., 2010a) we applied a method analogous to this for the assessment of PI or Psi. Corresponding to wavelength distributions there were factors that could be set at different levels. In this first experiment the factors were: 1) the type of illumination model used in the scenario (Gouraud shading, static view-independent global illumination, dynamic global illumination including real-time shadows and reflections) 2) the field of view (small or large); 3) display type (a simulated power wall or a head-mounted display) 4) the self-representation of the participant (without a virtual body, with a static virtual body, with a virtual body that moved with the participant’s own movements based on real-time motion capture). Participants first experienced the scenario with all these factors set at the highest level (dynamic global illumination, large field of view; head-mounted display, full body representation with real-time movements). They were asked to pay attention either to their sense of being there (PI) or that the situation was really occurring (Psi). Then they had a training session that introduced them to the four factors and how they could change levels within each factor (always in the direction of lowest to highest). After this training period they were placed back in the scenario but now with all the factors set at a low level. At specific times they could choose to increase the level of one of the factors. They were asked to continue to do this until they felt that they had achieved the same sensation of PI or Psi as in their first exposure. The changes that they could make were under cost constraints.
We refer to any set of factor levels as a configuration. In this experiment there were therefore [image: image] configurations. Each time that a participant chooses to change the level of a factor there is a transition from one configuration to another. Taking the entire set of transitions, it is possible to estimate a transition probability matrix [image: image] with entries [image: image], the probability of transitioning to configuration [image: image] given that the current configuration is [image: image], [image: image]. Now there are several ways that [image: image] can be used. From Markov Chain theory it is simple to calculate the long run equilibrium probabilities of the system from any starting point. These specify for each configuration the probability that in the long run this would be the one into which the system settles down (i.e., no more transitions would occur). Second, we can trace the order of transitions—i.e., which are those that are made first to move towards the matching state, which are made second, and so on, and hence we can obtain information about the factor levels that most contribute towards the desired state of PI or Psi. Third we can compute probabilities for the individual factors: for example, taking all the final configurations reached, to compute the probability that a particular factor level would be contained in the final configuration. There are many other possibilities too. In addition this method can result in equivalence classes—i.e., sets of configurations that result in similar probabilities of PI or Psi. Such equivalence classes were argued for long ago by Ellis (1991), and are useful for engineers since they can use these to trade between different configurations, for example, based on a cost function.
What is important to understand is that participants are never asked their opinions or asked to give rating scales. The method is premised on observable events only—the fact of the transitions. The method is entirely based on the participants’ decisions that a particular configuration results in a match of their sensation of PI or Psi, i.e., the only important thing are the matches that people make, and not the meanings that might be attributed to these. In the experimental study of this method participants who had been asked to focus on matching their state of PI transitioned between the configurations differently than those who had been asked to match Psi, and the final resulting configurations were different.
This method has been applied several times. Azevedo et al. (2014) combined the method with EEG measures of engagement. Bergström et al. (2017) used this method to evaluate Psi for four different factors influencing the responses to a virtual string quartet performance. Skarbez et al. (2017) evaluated how a number of factors determining the behaviour of virtual characters influenced Psi. Gao et al. (2018) assessed the believability of a VR rock climbing scenario. Fribourg et al. (2020) turned the method towards evaluation of body ownership rather than PI or Psi. GalvanDebarba et al. (2020) studied Psi in relation to body animation features. Clearly the same method could be used for the evaluation of different subjective responses, not only PI of Psi, which we turn to next.
Beyond Presence
Murcia-López et al. (2020) used the configurations transitions method to evaluate the impact of several factors controlling an avatar giving a TED-style talk to participants. There were two main differences from the previous application of the method. First, participants could choose to change a factor level in any direction, so that there was no assumption about levels being ordered, that one factor level was somehow superior to another. The second main change was that the goal was not to improve presence but simply to maximise preference. In other words, participants could decide to make a transition from configuration A to B only because they preferred B to A, irrespective of the reason. A consequence of these changes is that the method did not require participants to first experience the optimal configuration, since there was no a priori assumption about which configuration would be the best. The method produced coherent results across participants. This fits the idea mentioned above of not imposing criteria of researchers, such as presence, on participants.
This approach has been taken still further by Llobera et al. (2021). Instead of participants themselves choosing how to change the configuration, i.e., choosing which factor to change to which level, an AI agent does this. In this setup a Reinforcement Learning (RL) agent occasionally proposes to the participant a change of level of one of the factors in the current configuration. The participant can reject the proposed change, leaving the current configuration as the one in force, or can accept the change. Over time the RL agent learns which changes are likely to be accepted or rejected, i.e., it forms a policy consisting of probabilities of acceptance of proposed configuration changes given the current configuration. The process stops when the participant has reached a stable state and continues to reject further changes. The only criterion for participants to accept or reject a change is what they prefer. So over time the RL agent finds an optimum (though possibly only a local optimum rather than global) with respect to which configuration is most preferred. In the experiment reported by Llobera et al. (2021) this method was used for four binary factors. The RL was applied to each individual separately rather than cumulatively across all individuals. The optimal solutions happened to conform to what we would expect from previous research on presence, though to emphasise, the issue of presence (PI or Psi) was never mentioned to participants, only that they should choose according to their preferences.
Sentiment Analysis
A problem with the configuration transitions method is that although it is based either on the fact of a “match” between a target state and an actual state with respect to presence, or simply based on preference, it does not obtain any deeper insight into the reasons for people’s choices. In the opening paragraph of this paper, we described the rock concert scenario. This was the first time that we had created such a scenario, one quite unusual for VR. We did not want to impose our notions of presence on participants in the experimental study, so we simply asked them to write a short essay about their responses to it (Beacco et al., 2021). We then applied sentiment analysis (Liu, 2012; Bakshi et al., 2016) to the resulting essays. Sentiment analysis is a machine learning technique that will score text for positive or negative sentiment based on a pre-trained word-to-vector data base of millions of pre-classified words (Mikolov et al., 2017). Hence each essay carried a sentiment score, and the set of scores fell into distinct clusters (from a very low sentiment cluster to a very high sentiment one). The contents of essays of each cluster were then analysed to determine common themes within that cluster. For example, a common theme was “realism,” where sentiment scores were higher the more that participants mentioned something about the environment that seemed to be very real. Another theme was “disturbing,” where people found the crowd around them to be disturbing in some way, for example, one woman mentioning that she thought two people (of course virtual characters) were acting as predators towards her, by staring at her and then looking away whenever she looked back. Another concerned “failure of expectations” for example, the drummer visually not in sync with sounds of the drumbeats, or sounds of clapping but no one around actually visually clapping. In this way we were able to obtain very deep insight into participant responses to the concert and discover reactions that we would never have discovered through a presence questionnaire, BIPs or configuration transitions used alone. We found that the concert was highly plausible, but for some participants, not at all in the way that we expected. For some (not all) of the participants the concert was a “nightmare.” Being a nightmare of course demonstrated a high level of plausibility—since if people had not had the illusion that the events were really happening, then there could be no reason to become disturbed. Similar results were found in (Slater et al., 2022). It should be noted that as with any method the quality of the results depends on the quality of the input. Participants might be reluctant to write even a short essay after experiencing a VR scenario, or what they write might be too short for analysis. Recently we have started recording what participants say in a post experiment interview, rather than requiring them to write.
OPEN QUESTIONS
PI and Sensorimotor Contingencies
PI is the illusion of being in a place. In physical reality we are always in a place. In VR we may have the illusion of being in a different place, with the corollary that we know this is not true (and this knowing it is not true is itself part of the feeling). In reality we might be completely uninterested in what is going on in the physical space in which we are located, but this will not destroy the sense of being there. Our minds might wander, and we start thinking about other things, but this does not change our perception of where we are. Now suppose we are in a VR that renders this same boring place, and similarly we become uninterested and not engaged in what is happening. This actually is not incompatible with the illusion of “being there” because it leads to the same responses as if we were really there. Hence questionnaires that include categories such as “engagement” or “involvement” are not assessing PI, even though in some applications the degree of engagement may be an important, but separate issue. Similarly a relationship between presence and task performance has been posited, with the argument being that greater presence enhances task performance, a debate that goes back a long way (Welch, 1999). Now in physical reality we might be trying to draw money from a bank teller machine (ATM) but not be successful because of the machine’s poor user interface. Carrying out a similar operation in VR might also lead to failure for the same reason. But here the failure would not be incompatible with presence—our poor task performance in reality should map to a poor task performance in virtual reality. The user interface is the issue, not PI.
In our view PI is intimately bound up with sensorimotor contingencies for perception. If we carry out bodily actions for perception (turning the head, moving the eyes, turning around, bending down, stretching up, looking around, looking over, looking under, turning our head to hear a sound better, touching, pushing, smelling) and the multisensory displays deliver integrated sensory outputs that correspond to those that would occur with similar actions in reality, then the simplest hypothesis for the brain to adopt is that what we see, hear, feel, … signifies where we are.
In our whole lives whenever we turn our head the visual images that we see change in a predictable way. This produces a massive probability for our sense of place: the probability that I am in the place that I see, hear and can touch. This is why, for example, if we are looking at a virtual environment displayed on a screen in a desktop system in front of us, we cannot experience PI in the sense meant in this paper. We only have to turn our head away from the display and we see a different reality, that of the real location in which we actually are carrying out this activity. In (Slater, 2009) we argued that this leads to a partial order over systems. In an immersive virtual reality, for example, realised through a high quality HMD, it is straightforward to simulate the activity of looking at an external screen that portrays a virtual environment. We referred to this as the HMD system being more “immersive” than the desktop system, since the first can be used to simulate experiences of the second, but not vice versa. Here immersion refers to objective capabilities of the system and not the subjective responses. Therefore, it was argued that the qualia associated with PI in the more immersive system cannot possibly be the same as in the less immersive system. In the desktop system one might attain some sensation of “being there” through employing additional attentional resources and imagination, but in the HMD system it is just a fact—a head turn does not shift your perception out to the real world but is confined within the virtual separate reality. The qualia associated with the HMD and desktop system are at different levels, they are not comparable since they do not refer to the same underlying situation.
In this view there is no “book problem” (Biocca, 2002; 2003) regarding presence. When reading a book we might imagine ourselves into the story line, imagine being in the place depicted in the book. But this is not PI, the perceptual illusion of being in a place, as evidenced by the fact that you can carry out different acts of perception and the sensory stream remains consistent with being in that place. In VR it is simple to program the appearance of a book and allow people to read it while in VR. While they are reading the book they are in a virtual place, at any moment they can glance away from the book and they are still in that virtual place. In the book they might read about a fire breaking out in a train station with all the passengers running away, but they will not run away from that. In VR they might run (Ríos and Pelechano, 2020). The qualia associated with reading a book compared with sensorily being located in a virtual space are quite different. Of course one may choose to call the qualia associated with reading a book “presence,” but this is not what we mean.
If PI is so bound up with sensorimotor contingencies (SCs) for perception, why separate these two concepts? This is because SCs can fail, or not be consistent with one another, or delivered with too great latency, and for many other reasons. They are not “perfect” SCs corresponding exactly to real perception. Moreover, people may behave quite differently to one another. If person A stands and simply looks around an environment but B actively explores it looking close up at objects, trying to touch things, moving rapidly, then B might experience quite a different level of PI than A. This also shows that any measurements of PI need to implicitly take account of possible individual differences. Another way to think about this is to consider the level of PI as a random variable even if, as could be argued, that its possible values are restricted to 0 (no PI) and 1 (PI). In this view the expected value of PI (between 0 and 1) would be a function of the sensorimotor contingencies. However, any actually observed value would vary around its expected value, and one of the contributors to departure from the mean would be individual differences. In this approach individual differences could also be modelled as contributing to the variation.
Place Illusion and Plausibility
The study of presence has been a major part of VR research since the early 1990s. We have argued for the view that presence consists of two orthogonal dimensions, Place Illusion and Plausibility. These are logically separable concepts in that it is possible for PI to occur independently of Psi and vice versa. For example, you can have a strong sense of being in a place, but the virtual characters there may have no plausibility—they do not respond to your actions, nor initiate any actions towards you (Garau et al., 2004). On the other hand, you can be interacting with a virtual character on a non-immersive device (e.g., a normal screen) not have any illusion of being in the place, but totally accepting that this is really happening—the person seems to be real, responds to you and initiates interactions with you (and this happens every day in teleconference video calls). It is really happening but you are not there in the space where the other person is depicted. Of course, despite this logical separability between PI and Psi we might find them to be empirically related, but largely because of the great difficulty (or even impossibility) of having measures that are so precise that they can perfectly distinguish between the two. This is especially the case with questionnaires.
The concept of Plausibility arose out of the fire in the bar experiment discussed above (Spanlang et al., 2007). This was carried out in a Cave, had the best quality rendering that we had ever used, and yet the questionnaire scores on presence were one of the lowest we had seen. It was realised that this was because of failure of one component—repetitive motions of an avatar. Participants only had one way to signify this failure—by giving low scores on a presence questionnaire. So here the measurement of PI was confounded by Psi.
For future research Psi is by far the more important and interesting issue. As mentioned above our view is that in a typical VR with at least head-tracked stereo wide field-of-view HMD that PI will be the default sensation, since most of these systems offer a level of sensorimotor contingencies that are good enough to fool the brain into the illusion of being in the place depicted by the VR to our senses. The major research question remains to be able to understand in greater detail exactly which sensorimotor contingencies are critical, and under which conditions. For example, suppose that the HMD does not have 6 degrees of freedom tracking but only 3 degrees of freedom, so that there are no parallax effects. If participants do not move their heads, or only rotate them without translation, then the 3 degrees of freedom may be good enough. However, for example, in a simulation of a game such as table tennis where players are moving from side to side and back and forth very quickly all the time, the loss of the 3 degrees of freedom would severely diminish the experience (and probably result in simulator sickness). The fundamental research question for PI is therefore the map from sensorimotor contingencies to Place Illusion, irrespective of how this might be measured. A second question is how to model the impact of individual differences.
Although PI might be the default state, low Plausibility might also be default. PI is just part of what VR is (even though it can fail). However, Psi requires deliberate design: how can a scenario be designed and implemented so that participants buy into it? This does not necessarily involve photorealism, nor realism in the sense that the scenario might not be anything that can happen in real life.
Although we have said that PI and Psi can be thought of as conceptual frameworks imposed on participants by researchers, there are some applications where they are nevertheless crucial. For example, consider a therapeutic application for an anxiety disorder such as fear of crowds, one that employs an exposure therapy-based approach, where participants are gradually exposed to the situation that causes anxiety. So first the participant might be in a VR with one other (virtual) person, then two, then four, then ten, and so on, until over time the participant learns to control their anxiety while being in a large crowd. PI is needed because these events have to take place somewhere, and if the participant does not have the illusion to actually be there, then there is little chance of anxiety being provoked. Second, the crowd should behave like a crowd, for example, it should part as the participant tries to move through it, and virtual crowd members should occasionally look towards the participant or acknowledge them in some way such as a wave or a smile or say “Excuse me.” Hence Psi is also critical to the success of this application. This illustrates the point above—that although PI might occur by default, Psi has to be deliberately designed. A corollary of this is that if PI fails (a BIP) it is likely to re-form again, since the sensorimotor conditions that gave rise to it are still there, even if they had temporarily failed in some way. However, if Psi fails it does not re-form. For example, once participants realise that a virtual human character is unaware of their presence, they just lose interest and move on (Garau et al., 2004). Although all this follows from the concepts of PI and Psi there is little empirical evidence available to date. In our view the major part of the research interest should be a focus on Psi—under what conditions do people take events and situations in the VR as actually happening, and when does this fail?
Coherence
Skarbez et al. (2020) introduced the notion of coherence, which is the extent to which a virtual environment “behaves in a reasonable or predictable way.” More fully: coherence is defined ... as the set of reasonable circumstances that can be demonstrated by the scenario without introducing unreasonable circumstances, where a reasonable circumstance is a state of affairs in a virtual scenario that is self-evident given prior knowledge” (Skarbez et al., 2018b). In this view coherence stands in the same relation to Psi as immersion (the actual objective affordances of the system) stand to PI. However, this is not straightforward. While “immersion” is something objective and describable independently of any effect that it might cause (e.g., the field-of-view is x, it supports stereo vision with adjustable interpupillary distance, the resolution is y, the colour resolution is z, the tracking capabilities are w, and so on) behaviour in a “reasonable or predictable way” is not something that is objectively describable—it includes evaluations by people. One person may feel that a scenario is reasonable and events predictable, but another may feel that this is not the case. What is self-evident to one may not be to another. We have proposed that the three factors that contribute to plausibility are: 1) the reactivity of the environment to participant actions, 2) contingent references by elements of the environment to the participant, and 3) credibility of expectation—i.e., the environment is constructed based on evidence of what is supposed to happen in real life where this is relevant, so that the application is supposed to be a simulation of events that occur in reality. These are a question of the extent to which these elements are supported by the hardware and have been programmed. The satisfaction of expectations or the realisation of environment being coherent in the sense meant in (Skarbez et al., 2018b; Skarbez et al., 2020) cannot be programmed, since these are the responses of the participant. What is possible though is to carry out research, for example, using co-design methods in order to attempt to meet these requirements. Another way to think about this is that Psi may fail if the environment never responds to the participant, or if nothing in the environment ever addresses the participant personally, or if there is something that fails to meet expectations. All of these are a function of the hardware and programming and the design of the application. To the extent that coherence might also be regarded in the same way—i.e., there is an attempt to satisfy coherence but it fails—then coherence can be thought of as a way of referring to requirement (3).
This discussion emphasises our distinction between “immersion” and “presence.” The “immersion” is fully under the control of the implementation. Whether a virtual character smiles back at you when you smile towards it, will have to have been programmed. The extent to which a virtual environment can meet expectations depends on prior research amongst potential participants about the critical elements that a scenario must support, and then actually programming these. Whether this investigation has been carried out or not, and then the required elements programmed into the application is a matter of fact. Then “presence” (PI and Psi) refers to how people respond to the “immersion.” As mentioned above this is not deterministic, since people have different prior experience, personalities, knowledge, and so on. We can think PI and Psi as conditional probabilities, and consider: conditional on a particular immersive configuration what are the probabilities of PI or Psi occurring? Given different immersive configurations these probabilities may change. Thus immersion sets the ground for PI and Psi. Similarly we use the terms “embodiment” to refer to the multisensory factors that provide evidence about the body—for example, it is seen as life-sized from the perspective of the eyes of that body, it moves synchronously with the person’s real movements, when something touches it the person feels this on their real body, and so on. Embodiment configurations, which are completely determined by the hardware and programming, may give rise to the illusion of body ownership. Again, this is not deterministic but provides the basis. For example, ballet dancers, always acutely aware of the exact disposition of their bodies might have reduced body ownership in VR because they are more likely to notice small discrepancies between the position and movement of virtual limbs compared to the true positions and movement.
Latoschik and Wienrich (2021) introduced a new model for Plausibility. However, the term “Plausibility” in this model does not have the same meaning as considered here, and it is confusing that the same term was used to describe something quite different. Latoschik and Wienrich (2021) write that ... in contrast to the discussed presence models, we don’t assume an illusion of plausibility but define plausibility as a state or condition during an XR experience that subjectively results from the evaluation of any information processed by the sensory, perceptual, and cognitive layers” (p5-6). In their model each of cognition (“social-cognitive processes” and “higher order cues”), perception (“proximal perception experiences” and “proximal perception cues” and sensation (“genetics or life-long habitude perceptions” and “habitual sensory cues”) contribute to a level of coherence (as defined by Skarbez et al.). Then Plausibility is a weighted function of these three aspects of coherence. Plausibility in turn contributes to several different qualia: presence, social presence, copresence, placeness, body ownership—Figure 2 in Latoschik and Wienrich (2021). The authors state that “In our opinion, the proposed model possesses predictive and explanatory power of modern XR experiences.”
Brubach et al. (2022) tested this theory with two experiments where participants interacted with some cubes. In experiment 1 (n = 40) there were two binary factors: manipulation of the perceptual layer (within group): cubes followed expected physical laws or they floated. The second factor was a cognitive manipulation (between groups): participants were told that they would be weightless, or nothing was said about this. Hence the conditions (floating cubes, weightlessness) and (cubes follow physical laws, no mention of weightlessness) were compatible with coherence, and the other two possibly with incoherence. A questionnaire was used to assess plausibility, which included questions such as “I am used to objects behaving this way,” “I had a prior expectation of how the objects would behave,” “the behaviour of the objects made sense,” Table 1 in (Brubach et al., 2022). An assessment of presence was based on the Igroup questionnaire (Schubert et al., 2001). The results showed that each individual item on their Plausibility scale had higher scores for the normal cube behaviour on the perceptual factor. However, there were no significant results for the cognitive factor (i.e., the explanation about weightlessness had no effect), and no interaction effects. Presence as measured by the Igroup questionnaire showed a significantly higher mean for “realism” for the cognitive factor “weightlessness” level, whereas “involvement” had a higher mean for the perceptual “floating cubes” level. Participants were asked to choose which perceptual level (the within group factor) was more plausible, and 39/40 chose the normal cube behaviour.
TABLE 1 | Summary of types of measurement and their properties.
[image: Table 1]The second experiment (n = 71) was on the same lines, but with a much richer story line for the cognitive factor. Similar results were found for the Plausibility questions, but no significant differences for the Igroup presence questionnaire (except in overall scores). The authors concluded that both experiments together showed that “The manipulation of object behavior on the perceptual layer leads to a break in plausibility.” However, the hypothesis “Breaks in plausibility lead to break in presence” could only be partially accepted (based on experiment 1), and no conclusion could be reached on whether “Perceived coherence between the cognitive and perceptual manipulation has an effect on presence.” Overall the authors argued that the two experiments provide empirical evidence in favour of their model described above.
There are several points to be made about this model and experiment. First there is the unfortunate confusion of terminology, as mentioned. A definition of “plausibility” is given that has little relationship with the original one proposed in (Slater, 2009). However, considering the operationalisation of this via the questionnaire about plausibility, we can see that in this model plausibility refers to evaluations of object behaviour—how real this seems and how much it conforms with expectations. This is not the original meaning of Psi, which is not an evaluation of conformity to realism but refers to the illusion that events are actually happening (even though cognitively the participant knows that nothing like those events are really happening). Psi is like an exclamation “This is really happening!” The cube falls towards your toes and you jump out of the way, an avatar smiles at you and you smile back—these are automatic reactions that follow from the possibly implicit exclamation “This is really happening!” At some level the brain does not know about virtual reality. It responds and acts based on its sensory surroundings. The point is that there might be a falling cube!, so the safest action to take is to get out of the way. In our whole lives when we have seen something falling towards our toes, there really was something falling towards our toes, so the safe thing to do is to act on that.
The second problem is that if the idea of plausibility as exhibited in the questionnaire is followed, then applications that depict fantasy worlds, or events that cannot happen in reality, can never be plausible. People adopt different models of reality in VR though, they can fly and be a superhero (Rosenberg et al., 2013), they can see their own virtual body separate itself from their location and carry out some actions (Gorisse et al., 2021) and have an out-of-body experience (Bourdin et al., 2016), or even a simulated near-death experience (Barberia et al., 2018). If these applications were judged on the basis of the plausibility questionnaire adopted in (Brubach et al., 2022), then none of them would be plausible, since events occurred that clearly broke physical laws. Yet each of these examples were effective in leading to changes in participant attitudes and behaviours.
The third issue is the complexity of the model, with three layers, several elements in each layer, and five resulting qualia. Moreover, the idea that “Plausibility emerges from a function of weighted congruence relations (activations)” does not offer a way forward—how could this ever be tested, or rejected? The approach we have proposed is much simpler. On one side is everything relevant that goes into the making of an application that can be objectively described—the hardware (e.g., computational, display and tracking), the programming (which determines the events that occur, the affordances and the valid actions that participants can carry out). On the other side are the responses—PI, Psi and body ownership. This relationship can even be expressed as conditional probabilities: [image: image], and this has been done, for example in (Slater et al., 2010a; Bergström et al., 2017; Skarbez et al., 2017). This model could also include psychological assessments of participants to account for individual differences.
However, there is a different question that concerns the mechanisms that might explain how a particular immersive configuration becomes translated into PI, Psi or body ownership. The approach of Latoschik and Wienrich (2021) could be regarded as a step on the road in that direction.
With respect to Psi, there remains a huge amount of research to do in order to investigate what the illusion that events are “really happening” means and can be assessed, how this might vary from application to application, what types of contingent reference to the participant are important, how faithfully should the environment conform to expectations when it is a simulation of events that could happen in real life. The issue of how to maximise Plausibility is a massive research area, that probably would benefit from input from theatre and film studies.
Measurement
As we have seen multiple methods of measurement have been proposed and used. These are summarised in Table 1. Questionnaires have the advantage that they are relatively simple, and may help answer specific questions, but they are not neutral. If we want to find out what happens during an experience from the point of view of the participants, questionnaires are not ideal—they impose a conceptual framework which might have nothing to do with the actual experiences of participants during the exposure. Physiological and behavioural measures including EEG as surrogates for presence are useful and are more objective measures, but they are not universal. They require environments where there are events that are specifically included to induce automatic responses, or where these responses are well-understood and predictable and would only occur if there were presence. BIPs provide another neutral way to measure presence, and although interesting theoretically, they suffer from the problem of knowing when they occur. The configuration transitions method provides a psychophysical approach to quantifying presence, but this method does not easily give in-depth information about the underlying reasons for transitions. Using sentiment analysis does provide quantitative and qualitative information about responses to a scenario. However, questionnaires are going to be continued to be used because of their simplicity and universality (applicable to any concept and any scenario). Good evidence that the questionnaire responses are meaningful is when their results correlate with a completely different behavioural or physiological measure. For example, the experiment with medical trainees and doctors carried out by Pan et al. (2016) examined the extent to which they would prescribe antibiotics to (virtual) patients, even when the indications suggested a virus, only because the patients vociferously demanded the antibiotics. It was found that whereas almost all the trainees inappropriately prescribed antibiotics, the doctors were less likely to prescribe the greater their reported levels of PI and Psi elicited from questionnaires. In other words the more that they experienced the situation as really happening, the more appropriate their behaviour. The introduction by Meehan et al. (2002) of physiological measures for a stressful virtual environment also included a questionnaire for presence, and the results supported each other. Recently, Archer et al. (2022) used a questionnaire and physiological measures to assess presence in response to odours in the virtual environment, and found correlated results from the two measures. For further discussion of the relationship between questionnaires and physiological measures see (Grassini and Laumann, 2020). We propose that ideal measurements should involve this type of triangulation between several completely different approaches, such as a combination of configuration transitions and qualitative approaches, including sentiment analysis, and where questionnaires are used then further backup with behavioural or physiological measures where these make sense in the context.
PI and Psi in Augmented Reality
How does this discussion relate to Augmented Reality (AR) where the participant sees the physical surrounding into which are projected virtual entities? PI becomes inverted. VR aims to place the participant into the virtual world. In AR the problem is to incorporate virtual objects into the real world. Although the problem is inverted the solution is the same: the extent to which the AR system supports sensorimotor contingencies for perception of virtual entities. To bring a virtual object into the physical world participants must be able to perceive it by using their bodies as they would objects that are really there. Hence, they must be able to look around it, see it from different orientations, ideally reach out and touch it. It is more complex than in VR since in VR everything is under program control. But in AR virtual objects should reflect light from the real world as well as virtual light, should influence illumination of the real world, should cast shadows on real objects as well as virtual objects, should visually obscure objects that are behind them from the perspective of the participant, and real objects should obscure virtual objects that are behind them, and so on. Although this is much more technically demanding than in VR, the fundamental issue is the same. Sensorimotor contingencies for perception will bring virtual objects into the real world just as in VR SCs place the participant inside the virtual world. Some of the complexities involved in this have recently been discussed by Regenbrecht and Schubert (2021) who have provided a questionnaire for presence in AR and discussed the reasoning behind it. With respect to Psi, however, there is no fundament conceptual difference from VR. Plausibility in AR is based on the same principles and causes as in VR—virtual entities should respond to actions of participants, entities should be able to initiate personal interactions, and—most difficult of all—there should be consistency between real and virtual objects and coherence as discussed earlier.
CONCLUSION
In this paper we have reviewed the concepts of Place Illusion and Plausibility and argued that if these are achieved, then we would have created a separate reality, one parallel with the real world in which the whole experience is taking place. We have also pointed out that PI and Psi are concepts essentially imposed on participants, and while critical in some applications, it is also useful to have methods that rely on the actual experiences of participants rather than what we think those experiences should be. We have reviewed a number of methods for measurement, and found problems with all of them, and argued that a combination of a psychophysical method such as configuration transitions with qualitative methods including sentiment analysis would be the way forward, but in any case triangulation through multiple approaches would be ideal. Some of these issues have been studied now for about three decades. With the entry of VR (and to a lesser extent AR) into the consumer market, there is the opportunity for conducting very large studies with participants from all walks of life (not just the typical student subjects), with experiences in their own homes (Steed et al., 2016; Mottelson et al., 2021). It also becomes even more pressing to address the vast amount of confusion there is in the literature. Our philosophy is to keep it simple: be there, experience what is going on as really happening, and therefore respond realistically. Additionally, allow participants to express themselves leading to researchers discovering new ways of thinking about the effects of VR on people.
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rate, skin conductance,
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Discrete times when breaks
oceurred, count of the number of
breaks

Transitions between configurations
andther timing, and when matches
to a specific quale (e.g. Place
lusior) are reported (depending on
the particular method)

Freely written or spoken verbal
reports, resulting in quantitative
sentiment scores.

Applied

Typically after the experience,
though it is possible to include
questionnaires as part of the
experience, with the danger of
forcing participants to a meta level
(thinking about rather than
experiencing)

During the experience

During the experience

During the experience

After the experience. Talking aloud
during the experience is possible
but with the danger of forcing
participants to a meta level

Analysis

Frequency tables, median,
interquartie range, ordered logistic
or probit regression

Means and standard deviations,
ANOVA, regression, time series

Rate of breaks per unit time, times
between breaks, survival analysis,
mean, standard deviation, Poisson
regression o equivalent

Transition probability matrix,
Markov Chain analysis, conditional
probabilties

Mean, standard deviation,
regression, ANOVA, cluster
analysis for clusters of sentiments,
keyword analysis to find
commonalities amongst clusters

Advantages/disadvantages

Very simple, can be applied to any
concept. Universal—can be appiied
to any scenario.

Surface results only, lack of
intersubjective equivalence in
meaning of scores, imposes
researcher concepts on
participants.

The observed values are based on
what participants do, or on their
automatic responses and not on
their opinions.

The measurement process is more
dficult, especially with physiological
measures. Problems such as drift in
skin conductance responses and
artefacts—e.g. in ECG data—have
to be overcome. Interpretation of
results is open to question. The VR
scenario requires events or
situations that deiiberately spark the
behaviour or physiological
responses which may not be
appropriate. It is therefore not
universal.

Based on observational data rather
than subjective. A break occurring is
an observable event. It is
universal—can be applied to any
scenario.

Itis difficult to ascertain when breaks
occur. The subjective element
clearly applies when participants are
asked to seff-report breaks.

Based on observed data—the
actual transitions, and matches (f
used in the method). The method
can be combined with
Reinforcement Learing.
Applicable when the goal is to find
the optimal configuration for a
number of factors. Very large data
sets may be required for transition
probability matrix estimation when
the number offactors is above 4 and
the number of levels of factors are
above 3.

The analysis gets beneath the
surface of questionnaire or
behavioural and physiological
responses to allow participants to
freely reflect on their responses to
the VR experience, yet nevertheless
resiting in quantitative measures.
The method only applies to
sentiment, although researchers are
able to create their own dictionaries
that concentrate on other aspects of
an experience (e.q., presence).
Requires participants to write essays
or speak about their experiences at
enough length to make the analysis
feasible.
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