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Abstract—Presence has been studied in the context of virtual environments for nearly thirty years, but the field has yet to reach
consensus on even basic issues of definition and measurement, and there are many open research questions. We gather many of
these open research questions and systematically group them according to what we believe are five key constructs that inform user
experience in virtual environments: immersion, coherence, Place Illusion, Plausibility Illusion, and presence. We also report on the
design and results of a study that investigated the effects of immersion and coherence on user experience in a stressful virtual visual
cliff environment. In this study, each participant experienced a given VE in one of four conditions chosen from a 2x2 design: high or low
levels of immersion and high or low levels of coherence. We collected both questionnaire-based and physiological metrics. Several
existing presence questionnaires could not reliably distinguish the effects of immersion from those of coherence. They did, however,
indicate that high levels of both together result in higher presence, compared any of the other three conditions. This suggests that
“breaks in PI” and “breaks in Psi” belong to a broader category of “breaks in experience,” any of which result in a degraded user
experience. Participants’ heart rates responded markedly differently in the two coherence conditions; no such difference was observed
across the immersion conditions. This indicates that a VE that exhibits unusual or confusing behavior can cause stress in a user that
affects physiological responses, and that one must take care to eliminate such confusing behaviors if one is using physiological
measurement as a proxy for subjective experience in a VE.

Index Terms—virtual reality, presence, place illusion (PI), plausibility illusion (Psi), immersion, coherence, user studies, physiological
metrics, research agenda

F

1 INTRODUCTION

ONE construct that many researchers have used to rea-
son about and evaluate user experiences in virtual

environments independent of the particular task is presence.
Despite being in common use both among researchers and
lay people, there is widespread disagreement even regard-
ing basic issues such as definition and measurement [1]. As a
result, the literature regarding presence is quite fragmented.
Here we attempt to identify many open research questions
regarding presence and related constructs and assemble
them into a cogent research agenda, grouped according to
what we believe are the five key constructs that inform user
experience in virtual environments: immersion, coherence,
Place Illusion, Plausibility Illusion, and presence.

We also present the results of a study investigating the
relationship between Place Illusion and Plausibility Illusion.
These results suggest that having both Place Illusion and
Plausibility Illusion together results in substantial improve-
ment in presence as measured using existing presence met-
rics. We also further develop the theory relating to Place
Illusion and Plausibility Illusion, particularly in explicating
the term coherence, which is to Plausibility Illusion as
immersion is to Place Illusion.

Portions of this work appeared as a poster at IEEE
Virtual Reality (VR) 2017 [2] and as a conference paper at
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2 BACKGROUND

The presence construct is most commonly defined as the
sensation of “being there” [4] [5] [6] [7] [8] [9]. Presence,
then, is a quale (singular of qualia), part of the subjective
character of an experience. As such, it is difficult to mea-
sure directly. Researchers have previously studied presence
using subjective questionnaires [10] [11] [12] [13] [14] [15],
physiological metrics [16] [17], and behavioral metrics [18]
[19] [20]. All of these measurement techniques have different
strengths (and weaknesses), but none is a “silver bullet” for
presence measurement. Referring specifically to subjective
presence measures, Hendrix and Barfield argued that they
should be relevant, sensitive, convenient, nonintrusive, and
reliable [21]. In addition, good testing practices suggest
that any measure should be reliable, valid, sensitive, and
objective [22]. All existing presence measures fall short on
more than one of these criteria.

Despite its popularity, there are concerns about using
the presence construct to evaluate virtual environments.
One problem is that the sense of presence can be elicited
from non-immersive, non-virtual scenarios, such as a non-
immersive video game, a movie, or a book. (This is known
as the “book problem” [23].) Since presence can be elicited
by such disparate types and characteristics of experiences, is
it by itself a useful tool for evaluating virtual environments?

A second problem is that, for most applications, it has
not been established that more presence significantly cor-
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relates with improved effectiveness (e.g., improved task
performance, faster training, or training to a higher level
of competence) of a VE. Several researchers have sought
evidence of such a relationship as it pertains to task per-
formance, but results have been inconclusive. One study
that explicitly looked for a link between presence and task
performance can be found in [24], in which participants had
to observe, remember, and replicate a series of moves in
a tri-dimensional chess game. The authors did not find that
task performance was associated with presence. Witmer and
Singer reported mixed results [15]. Welch has argued that
there is no inherent logical connection between presence and
task performance [25].

One notable exception to the above discussion is the use
of VR to distract users from painful or unpleasant experi-
ences. (Examples include burn wound care [26], chemother-
apy [27], and dental procedures [28]. Li and colleagues have
written a review of this literature [29].) In these cases, it can
be argued that effectiveness and sense of presence (in the
VE) are synonymous; the VE is effective to the extent that
the user feels less presence in the (unpleasant) real world,
and more presence in the virtual world.

To address various problems with the presence con-
struct, Slater proposed a new theoretical framework for
evaluating VEs [30]. Specifically, he proposed that the goal
of a VE should be to stimulate participants to respond to
situations in the VE in the same way they would respond to
a similar situation in the real world (dubbed “respond-as-
if-real,” or RAIR). Sanchez-Vives and Slater take this multi-
level realistic response to be the definition of presence [31].

Slater theorized that such realistic response arises from
two qualia: Place Illusion (PI) and Plausibility Illusion (Psi).
(Qualia are subjective mental states.) PI is a new term for
presence as it is most commonly understood, as “being
there.” Slater defines PI as, “the strong illusion of being in a
place in spite of the sure knowledge that you are not there.”
Psi is a new construct, defined as “the illusion that what is
apparently happening is really happening (even though you
know for sure that it is not).” In short, PI is the illusion that,
“I am in the place that I perceive,” and Psi is the illusion
that, “The scenario I am experiencing is real.” When a user
has both of these, they experience the VE as a real place (by
virtue of experiencing Psi) that they are really in (by virtue
of experiencing PI), and so they would be expected to act
realistically.

(Returning briefly to the book problem: In his discussion
of Place Illusion, Slater argues that “the types of PI that are
possible [in different media] are qualitatively different for each
[medium].” [Emphasis in the original] [30])

Since PI and Psi are qualia, attempts to measure either
construct objectively are subject to the same difficulties that
face attempts to measure presence. In his 2010 SIGGRAPH
paper, Slater uses an analogy to color metamers—colors that
appear the same to the visual system but have different
spectral power distributions—to propose a method of mea-
suring PI and Psi using VEs simulated within VEs [32].

One way that color perception is experimentally tested
is by showing a user a test patch of color (say, aquamarine),
and then asking the user to replicate that color by mixing
three different colored lights. There is not one unique com-
bination of three lights that yields aquamarine. In fact, there

are infinite such combinations. But by repeating this experi-
ment, one can build up an equivalence class of aquamarines,
and use this to develop an empirically-derived function that
defines aquamarine.

Slater argues that a given level of presence is like aqua-
marine; that is, that there are infinitely many combinations
of hardware parameters and user characteristics that can
combine to yield that level of presence. By enabling a user
to combine different “light colors” (system parameters) to
yield equivalent levels of presence, we can also develop
empirically-derived functions of presence, so that we can
say having a virtual body is more important than having
realistic physics [33], or that gaze and environmental factors
are more important than audio factors [34].

Conceptually, this is a very appealing approach. How-
ever, owing to the complexity of experimental setup, the
large amount of data needed, and the inherent dissimilarity
to real-world experiences, the metamer technique may not
be appropriate for evaluating practical VR applications. In-
stead, we developed experiments to explore whether any ex-
isting techniques for evaluating presence could distinguish
between and measure PI and Psi. Some relevant previous
efforts are included in the discussion in Section 8.

3 PI:IMMERSION::PSI:COHERENCE

In his original PI/Psi paper, Slater states, “Immersion pro-
vides the boundaries within which PI can occur” [30]. Im-
mersion, here, is defined in terms of the set of sensorimotor
and effective valid actions supported by the system. Valid
actions are those actions that a user can perform that result
in changes to his perception or to the state of the VE, such
as moving his viewpoint. By this definition, immersion is
strictly a function of system characteristics and possible user
actions [35]. Immersion as so defined is in agreement with,
for example, Bowman and McMahan’s usage [36], but not
with the usage of Witmer and Singer [15]. In the terminology
of Lombard et al., we use “immersion” to mean perceptual
immersion, while Witmer and Singer (and others) use it to
mean psychological immersion [11].

A parallel argument can be made regarding Psi. Psi
arises to the extent that a participant probes the Psi-inducing
(or Psi-breaking) characteristics of the environment. While
the concept of immersion is well-established in the VE
research community, until recently, there did not exist an
equivalent concept for reasoning about the degree to which
the virtual scenario behaves in a reasonable or predictable
way. We use the term coherence for this concept [1] [37].

Coherence and Psi, while being closely related, represent
distinct constructs. Coherence is a characteristic of the vir-
tual scenario and/or software, while Psi is a subjective men-
tal state that arises in the user in response to their experience
of the virtual reality. This connection is perhaps less clear
than that of immersion and PI, due to the difficulty of defin-
ing what is “reasonable” behavior. One can imagine various
ways of measuring reasonableness, but one is that a panel
of raters could be employed. Assuming a sufficiently large
and representative panel, their combined score might be
such that an “average” user would experience plausibility
illusion in that scenario. That said, a particular user might
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or might not experience Psi, due to the idiosyncrasies of that
individual’s life experiences and patterns of interaction.

Note that coherence (and therefore Psi as well) is inextri-
cably dependent on the particular scenario presented in the
VE, as well as the particular user’s expectations and previ-
ous experiences. For example, if one is specifically told that a
VE represents a real-world scenario (or, absent any priming,
the user expects “normal” behavior), and attempting to
jump sends your avatar soaring hundreds of feet in the air,
this would be unexpected and shocking behavior. However,
if the user was told that this VE represents a future city on
a world with very low gravity, or that he is wearing special
rocket boots, this would be normal behavior, or at least
plausible behavior. In the former case, this startling behavior
would be perceived as a failure of coherence and would
decrease the user’s feeling of Psi. But in the latter case, the
very same behavior would be perceived as a confirmation
of the reality of the scenario presented, and would likely
increase the user’s feeling of Psi.

Coherence as a construct is related to, but distinguish-
able from, fidelity. Alexander et al. describe fidelity as “the
extent to which the virtual environment emulates the real
world” [38]. We would argue that coherence is more gen-
eral; in particular, it makes no assumption that the virtual
scenario is attempting to replicate the real world. (Consider
the rocket boots discussion from the previous paragraph.)

4 RESEARCH AGENDA

Despite nearly 30 years of research in (tele)presence in
virtual environments [8], the field remains nascent. In the
previous sections, we have begun explicating Place Illusion,
Plausibility Illusion, immersion, coherence, and presence,
as well as the relationships between them. All too often
researchers have idiosyncratic views of presence leading to
a proliferation of definitions and measures as catalogued
in [1]. There are more questions than answers even in the
most studied sub-area of presence research, the relationship
between immersive characteristics of a system and Place
Illusion/presence.

It is our opinion that an experimentally validated frame-
work that links these concepts would have substantial ap-
plication and value for both research and development of
virtual reality environments. We proposed one such frame-
work in Section 4.2 of [1], but others are possible. In this
section we attempt to organize some of these questions into
a coherent research agenda informed by that framework.

In that framework, the key components are immersion,
coherence, Place Illusion, Plausibility Illusion, and presence.
(For now, we exclude social presence, which merits an entire
publication on its own, and has in fact received an excellent
recent survey by Oh, Bailenson, and Welch [39].) In the
following subsections, we present a series of important open
research questions, grouped according to these components.

4.1 Immersion

As stated in Section 3, we follow Slater in defining immer-
sion as the set of sensorimotor and valid actions supported
by a system. Taken another way, it is a function of a system’s
input devices, output devices, and interface techniques.

The relationship between immersion as so defined and
presence has been widely studied. A 2014 meta-analysis by
Cummings and Bailenson identified 83 studies in this area,
investigating aspects of immersion that included tracking
quality, stereoscopy, field of view, update rate, and more.
The overall conclusion of the meta-analysis was that tech-
nological immersion has a medium-sized (r = .316) effect on
presence [40].

Considering immersion as a vector quantity, the ele-
ments might be items such as those mentioned in the pre-
vious paragraph. Some system components and character-
istics are obvious candidates for inclusion and are relatively
straightforward to measure. Consider field of view: one can
simply measure the field of view (FoV) of one’s display,
and say that this FoV is wider than that of display X and
smaller than that of display Y . However, already there are
complications: Does the aspect ratio of the display matter?
Should it be a separate element in the vector? Should we
consider vertical FoV and horizontal FoV separately? From
this example, it can be seen that even if one interprets im-
mersion to be an objective system characteristic—as we do—
operationalizing it as a construct is a nontrivial problem.

Considering system immersion as a vector we are faced
with several questions:

• What characteristics of the systems’ input devices,
output devices, and interface techniques, belong in
the vector? That is, what system characteristics have
been shown to be or should be considered as con-
tributing to immersion? Can we identify a minimal
or standard set against which all systems can be
evaluated?

• Is it feasible to come up with a single score for each
element? As discussed above, this will be relatively
straightforward for some elements, but not so for
others. (How best to generate a score for travel
technique, for example?)

• Is it feasible to come up with a score for each vector?
That is, can we generate another vector of weights
that can be multiplied with the immersion vector to
produce a single “immersion score” for a system?
(This assumes that not all immersion characteristics
are equally important in the effect they have on a
user’s experience and that they are not orthogonal—
there are interactions among them.)

• Given the ability to compute a meaningful immer-
sion score, can systems be meaningfully categorized
based on that score? For example, the score could be
calibrated such that a system with a score greater
than 100 is considered a fully immersive system,
while one with a score greater than 50 but less than
100 might be considered partially immersive, and so
on. In this manner, one might operationalize Slater’s
equivalence classes of immersion [30].

4.2 Coherence
Similarly, above we argued for the existence of a construct
we call coherence, which is parallel to immersion, but
that describes the extent to which the depicted scenario
behaves reasonably. More precisely, we defined coherence
to be the set of objectively reasonable circumstances that
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can be demonstrated by the scenario without introducing
objectively unreasonable circumstances [1]. By objectively
reasonable circumstances we mean states of affairs that are
self-evident given prior knowledge provided in the context
of the virtual experience. We believe that this the extent to
which coherence can be meaningfully controlled, since it is
not possible to know what states of affairs may or may not
be plausible given a user’s prior life experiences.

While the relationship between immersion and presence
has been widely studied, the same cannot be said for the
relationship between coherence and presence. We speculate
that there are several reasons for this. One is the novelty
of the concept; Plausibility Illusion was first introduced by
Slater in 2009 [30], and coherence was introduced more
recently than that. Another is a possible historical bias
toward engineering solutions in the virtual reality research
community; for much of the history of virtual reality, being
au fait with the hardware and software systems was a re-
quirement to do work in the field. A third reason is perhaps
that doing research regarding coherence is simply hard. It
is relatively easy to design and conduct a study comparing
multiple fields of view; it is more challenging to design a
study where the coherence of a scenario is manipulated in a
controlled fashion.

All that said, the research questions we propose regard-
ing coherence are much the same as those we proposed for
immersion. Due to the paucity of existing research, though,
there is a much greater need—or alternatively, a much
greater opportunity—for any research regarding coherence.
We hope that the following research questions can help to
guide research in what we perceive to be an area that will
only increase in importance.

• What elements belong in a coherence vector? That is,
what scenario characteristics should be considered as
part of coherence? Elsewhere, we conducted a study
that divided coherence into four elements: the vir-
tual body, physics behavior, character behavior, and
“gestalt” coherence [30]. Can we identify a minimal
or standard set against which all systems can be
evaluated?

• Is it feasible to come up with a single score for each
element?

• Is it feasible to come up with a score for each vector?
That is, can we generate another vector of weights
that can be multiplied with the coherence vector to
produce a single “coherence score” for a system?
(This assumes that not all coherence characteristics
are equally important in the effect they have on a
user’s experience.)

• Can scenarios be meaningfully categorized based
on their coherence score? For example, we might
categorize a given scenario as coherent or incoherent
based on a threshold, as discussed above with respect
to immersion.

4.3 Place Illusion
Slater has defined Place Illusion as, “The illusion of being in
a place in spite of the sure knowledge that you are not there”
[30]. In that same paper, he also claims that, “Immersion
provides the boundaries within which PI can occur” [30].

Extending this idea, we argue that Place Illusion is a func-
tion of immersion, user traits (including both psychological
traits like transportability [41] or immersive tendencies [15],
as well as physical traits such as susceptibility to simulator
sickness), user state, and user behavior.

Place Illusion is a subjective feeling of the user and there
is little agreement about how to measure it. As summarized
in [1], measures include self-report, physiological, behav-
ioral, and psychophysical measures of presence. We do not
know whether any one of these is most appropriate for
measuring Place Illusion.

Our opinion is that existing presence measures can
be used for inspiration, but almost universally, they also
measure elements that we would more properly consider
Plausibility Illusion, immersion, or coherence. (For example,
see Table 3 of [1]. Other than perhaps the Slater-Usoh-Steed
questionnaire [13], Kim and Biocca’s arrival/departure
questionnaire [42], and the Sas and O’Hare questionnaire
[6], all the listed questionnaires contain subscales that do not
refer to a user’s sense of place.) We suspect that triangulat-
ing using multiple measures can be productively employed.

• How much of Place Illusion variability can be ex-
plained by immersion?

• How much of Place Illusion variability can be ex-
plained by individual trait differences?

• How much of Place Illusion variability can be ex-
plained by individual state differences?

• How much of Place Illusion variability can be ex-
plained by individual behavior differences?

• Which, if any, user traits reliably correlate with Place
Illusion?

• Which, if any, user behavioral characteristics reliably
correlate with Place Illusion?

• Is there a minimum level of immersion required to
induce Place Illusion?

• Is there a saturation level of immersion beyond
which there is no further benefit to Place Illusion?

• Is it possible for there to be a situation in which
improved immersion can result in a decrease in
Place Illusion? (That is, is the relationship ever non-
monotonic?)

• How do users respond to breaks in immersion? Does
Place Illusion recover?

• Is it possible to “context-switch” without a noticeable
loss of Place Illusion? That is, can users take actions
in the real world—consider the situation where ones
phone goes off in the real world and it has to be
answered or silenced—without loss of Place Illusion?
(Or consider Spagnolli and Gamberini’s “hybridity”
of presence, where they observed participants in-
teracting with experimenters while simultaneously
continuing to act in the virtual environment [43].)

4.4 Plausibility Illusion

Slater has defined Plausibility Illusion as, “The illusion that
what is apparently happening is really happening (even
though you know for sure that it is not)” [30]. Similar to
how immersion enables (but does not guarantee) the feeling
Place Illusion, we argue that coherence enables Plausibility
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Illusion. To be somewhat more precise, we argue that Plau-
sibility Illusion is a function of scenario coherence and an
individual user’s expectations.

• How best to measure Plausibility Illusion? The dis-
cussion above regarding Place Illusion measures also
applies here, although there are even fewer relevant
existing measures. The most relevant questionnaire
seems to be Baños et al’s Reality Judgment Presence
Questionnaire (RJPQ) [44].

• How much of Plausibility Illusion variability can be
explained by coherence?

• How much of Plausibility Illusion variability can be
explained by users’ expectations?

• How can we measure users’ expectations?
• How and to what extent can we manipulate users’

expectations, for example, by “priming” the user
with stimuli that are related to those that will appear
in the virtual environment?

• Is there a minimum level of coherence required to
induce Plausibility Illusion?

• Is there a saturation level of coherence beyond which
there is no further benefit to Plausibility Illusion?

• Is it possible for there to be a situation in which
improved coherence can result in a decrease in Plau-
sibility Illusion?

• How do users respond to breaks in coherence? Does
Plausibility Illusion recover?

• Can a user experience Plausibility Illusion in multi-
ple virtual or mediated spaces simultaneously?

4.5 Presence

We and others have decried the imprecision of the term pres-
ence as it applies to user experience in virtual environments,
but it remains a useful shorthand for what makes virtual
reality experiences unique and powerful. As in [1], we use
presence to mean, “The perceived realness of a mediated
or virtual experience.” We do not consider this to be in
conflict with a conception of presence as multi-level realistic
response, as in [31]. Rather, if one perceives an experience
to be real, one is likely to respond realistically, and if one
is responding realistically on the subjective, psychological
level, there will be a perception that the experience is real.

• How best to measure presence? Here, existing pres-
ence measures are very relevant, however there is
still the question of which instrument is (or which
instruments are) most appropriate.

• How do Place Illusion, Plausibility Illusion, and/or
Social Presence Illusion interact to yield presence?

• Is it possible to have immersion with no coherence,
and if so, what are users’ experiences of Place Illu-
sion, Plausibility Illusion, and presence likely to be
in this case?

• Is it possible to have coherence with no immersion,
and if so, what are users’ experiences of Place Illu-
sion, Plausibility Illusion, and presence likely to be
in this case?

• What is the “space” of presence? (For example, is
presence a two-pole construct—one can be present
only in the real world or in a technology-mediated

environment— or a three pole construct—one can be
present in the real world, a mediated environment,
or in “mental imagery space” [23].)

• If presence is taken to be the realistic response to
a virtual experience, what about experiences that
are not “realistic?” For example, one can imagine a
virtual experience that presents a world governed by
physical laws that are constantly changing. Can one
feel “present” in such a virtual world? What would
that mean?

4.6 Comments on the Research Agenda
This research agenda brings together many of what we
perceive to be the important open questions for presence
researchers. We are not under the illusion that these inves-
tigations will be easy or straightforward. On the contrary,
almost every one of the presented research questions rep-
resents a challenging research program in its own right.
However, we believe that this reflects the level of investment
that will be required to place presence on a solid foundation
of research.

The remainder of this paper presents a study that was
an early attempt at answering some of these questions.

5 USER STUDY

This study used a 2x2 between-subjects design with multi-
ple outcome measures. We chose a between-subjects design
because Khanna and colleagues observed [45] that responses
were not symmetric across conditions in a visual cliff sce-
nario such as the one used here. That is, the difference in
effect between the first exposure and subsequent exposures
to the visual cliff stressor cannot be entirely compensated
for by counterbalancing order. Also, Meehan exposed par-
ticipants to a visual cliff environment twelve times over four
days [46], finding that physiological responses decreased
with subsequent exposures, but not to zero.

In this study, the immersion factor was manipulated as
follows: In the High-Immersion conditions, the field of view
of the HMD was the maximum supported by the device
(60◦ diagonal), passive haptics were used to provide tactile
feedback to the participant, and scenario-appropriate spatial
sound cues appeared in the environment. (The passive
haptics used were styrofoam walls around the Pit room,
and wooden planking that corresponded to the walkway
around the virtual pit. The spatial sound cues were related
to the elevator, doors opening, and balls falling to the floor.)
In the Low-Immersion conditions, the effective field of view
of the HMD was restricted to 30◦ by use of a virtual mask,
no passive haptics were used, and there was no sound
other than the study instructions delivered through the
headphones. The choice to employ multiple simultaneous
manipulations of both immersion and coherence was made
after a pilot study that manipulated only a single factor
proved inconclusive. That study is discussed in [2], but is
omitted here for space.

(At the time these results were collected, a 60◦ diagonal
field-of-view was considered reasonable. However, we ac-
knowledge that HMD technology has advanced rapidly in
recent years, so as to render this a very poor display. We
discuss this in Section 8.)
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We argue that failures of coherence can be meaningfully
categorized. Physical coherence can fail—that is, the laws
of physics as we know them do not seem to apply, e.g.,
an object falls through the virtual floor, a rolling ball is
never slowed by friction. Also, narrative coherence can fail—
virtual characters or the scenario itself do not abide by
the expected rules of behavior from everyday life, e.g., a
character performs repetitive actions or otherwise does not
respond meaningfully to your being in the space, actions
that you are led to believe will cause one event in fact cause
a different event.

In this study, then, the coherence factor is manipulated as
follows: In the High-Coherence conditions, physical objects
(balls) behave as one would expect them to, and the study
instructions are in fact valid. In the Low-Coherence con-
ditions, physical objects behave in an apparently random
fashion (dropped balls can fall with normal acceleration
due to gravity, accelerate much faster or much slower than
normal, remain stationary, or float slowly upward), and the
study instructions are false (the scoreboard which claims to
show the number of balls you have dropped in fact never
changes, the elevator teleports instantly rather than seeming
to work as a normal elevator, and the door which claims to
open when an object is moved in fact operates on a timer,
forcing the participant to wait).

5.1 Participants
Thirty-two male participants took part in this study. The
average age was 20.1 years. Participants successfully passed
screening for uncorrected vision problems, a history of
seizures or strong motion sickness, inability to walk without
assistance, deafness, and English comprehension. This study
was approved by the Behavioral Institutional Review Board
of the University of North Carolina at Chapel Hill.

5.2 Materials
The study took place primarily inside an immersive vir-
tual environment. Participants wore an nVisor SX HMD
with 1280x1024 resolution per eye and native 60◦ diagonal
field-of-view, with attached stereo headphones. The head
and right hand of each participant were tracked using the
3rdTech Hiball 3000 optical tracking system. Participant
physiological reactions were measured using the ProComp
Infiniti wireless telemetry system from Thought Technolo-
gies, Ltd. A Pentium D dual-core 2.8GHz computer with an
NVIDIA GeForce GTX 280 GPU and 4GB RAM rendered
the virtual environment and recorded logs. The application
was implemented using the UNC-developed EVEIL2 library
that communicates with the Gamebryo software game en-
gine from Gamebase USA. The Virtual Reality Peripheral
Network (VRPN) interface handled tracker communication
and logging of physiological signals and tracker data.

5.3 Metrics
During the exposure to the virtual environment, par-
ticipants’ physiological responses were monitored and
recorded. We collected electrocardiogram (EKG), skin con-
ductance (SCR), and skin temperature data. For both SCR
and skin temperature, the mean and standard deviation

were computed for each stage of the study. From the EKG
data, several measures of heart rate variability (HRV) were
computed. Candidate R spikes were identified algorithmi-
cally, and the signals were then processed by hand to ensure
that the time stamps of those spikes were recorded correctly.
These data were then used to compute metrics in both the
time domain (mean R-R time interval, mean heart rate, and
percentage of R-R intervals that are less than 10/30/50ms)
and the frequency domain (power in the low-frequency
band (LF), power in the high-frequency band (HF), and the
LF/HF ratio) domains. These metrics were also computed
for each stage of the study.

Post-test, participants completed the Witmer-Singer
Presence Questionnaire [15] and a modified Slater-Usoh-
Steed Presence Score [13].

5.4 Study Procedures

Upon arriving, participants first reported to an office, where
they were screened by an experimenter, signed informed-
consent forms, and completed pre-exposure questionnaires
on a PC using the Qualtrics web application1. After com-
pleting the questionnaire, participants were equipped with
the ProComp Infiniti and escorted to the lab, where they
donned the NVIS HMD and started the trial.

The virtual environment phase of the study was divided
into five stages. (An illustration of the environment is in
Figure 1.):
Stage 1 (Simon room). Participants familiarized themselves
with the virtual environment, playing a Simon-like memory
game. The physiological responses gathered during this
stage were used as the baseline for subsequent analyses. In
this stage, all behavior was coherent; that is, participants in
the Low-Coherence and High-Coherence conditions had the
same experience.
Stage 2 (Scoreboard room). Participants took a virtual
elevator to a room where they had to pick up balls and
drop them in targeted receptacles. In this room, incoherent
behavior was introduced in the Low-Coherence conditions,
so a difference in behavior or physiological signals observed
at this stage would most likely be due to the coherence
manipulation.
Stage 3 (Pre-Pit room). Participants took a virtual elevator to
an office-like environment, where they were presented with
additional balls to drop on targets. This stage was included
to acquire a baseline after exposure to the experimental
manipulation but before exposure to the Pit.
Stage 4 (Pit room). The door to the Pit room opened
and participants were exposed to the virtual visual cliff
environment, where there were several more balls to drop
on targets on the floor below.
Stage 5 (Simon room). Participants returned to the ele-
vator, returned to the Simon room, and played the game
again. This stage was included to determine whether the
experimental manipulations caused different behaviors after
exposure to the stressful stimulus. After 3 minutes, the
study ended. The total time in the virtual environment was
approximately fifteen minutes.

1. https://www.qualtrics.com/
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Fig. 1. The virtual environment used in the study.

Participants then doffed the HMD and ProComp hard-
ware, and returned to the office, where they filled out post-
test questionnaires on the PC and were debriefed orally.

6 STUDY RESULTS

We performed Bayesian data analysis on the study data. In
the Bayesian method of analysis, all variables are considered
as part of a single overall model, where all the stochastic
equations are evaluated simultaneously, rather than one at
a time. Unlike traditional analysis, that is, null-hypothesis
testing, there is no single value such as a p-value that
determines whether the result is “significant.” Instead, we
report the posterior probabilities and readers are free to
interpret those probabilities for themselves. Posterior prob-
abilities near 50% indicate that both outcomes are approxi-
mately equally likely, so we refer to posterior probabilities
between 50% and 70% as offering negligible evidence for the
stated hypothesis. Similarly, for convenience, we refer to
probabilities above 70% as offering little evidence in favor
of a hypothesis, 75% as offering some evidence, probabilities
above 80% as good evidence, and probabilities above 90%
as strong evidence. (These probabilities can also be less than
50%, providing evidence in the corresponding way for the

TABLE 1
Mean count of high scores (6 or 7) on the Witmer-Singer PQ for each

condition

Low-Immersion High-Immersion

Low-Coherence 9.6 10.4
High-Coherence 10.0 12.9

TABLE 2
Mean count of high scores (6 or 7) on the SUS questionnaire for each

condition

Low-Immersion High-Immersion

Low-Coherence 4.0 2.9
High-Coherence 3.3 4.3

inverse hypothesis.) This manner of describing the results
follows Bergström et al. [47].

In the remainder of this section, we present the results
organized as claims about the data grouped with the sup-
porting evidence for each claim.

6.1 There is good evidence that the Witmer-Singer
Presence Questionnaire responds to higher levels of
immersion as a main effect.
This may be somewhat unsurprising, as the Witmer-Singer
PQ explicitly contains items regarding system characteris-
tics (what we refer to as immersion), rather than about
subjective experience (what we refer to as Place Illusion).
Nonetheless, there is an 80.5% probability that participants
in High-Immersion conditions reported higher PQ scores
than participants in Low-Immersion conditions.

6.2 There is negligible evidence that the Slater-Usoh-
Steed presence
questionnaire (SUS) responds to increased immersion
as a main effect.
Unlike the Witmer-Singer PQ, the SUS questionnaire con-
tains no questions specifically relating to immersion factors,
and instead asks only about subjective experience. The pos-
terior probability that participants in the High-Immersion
conditions reported higher scores than participants in the
Low-Immersion conditions is 52.1%.

6.3 There is little evidence that either questionnaire
responds to increased coherence as a main effect.
The probabilities that participants in the High-Coherence
conditions reported higher questionnaire scores than par-
ticipants in the Low-Coherence conditions are 61.7% and
71.3% on the SUS questionnaire and the PQ, respectively.

6.4 When high levels of immersion and coherence are
present together, questionnaire scores increase.
For each of the SUS and the PQ questionnaires, there
is at least some evidence that participants in the High-
Immersion+High-Coherence condition reported higher
scores than in any of the other three conditions. On the
SUS questionnaire, the posterior probability is 79.8% that
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participants in the High-Immersion+High-Coherence con-
dition scored higher than participants in the other three
conditions combined; for the PQ questionnaire, there is
strong evidence, with a 96.7% probability that participants
in the High-Immersion+High-Coherence condition scored
higher. (See Tables 1 and 2 for mean scores.)

6.5 There is good evidence that SUS questionnaire
scores are higher for matched (Low-Immersion+Low-
Coherence and High-Immersion+HighCoherence) than
mismatched conditions.

There is 86.6% probability that SUS scores are higher for par-
ticipants in the matched conditions than in the mismatched
conditions. There is little evidence for this effect on the PQ,
with a 66.1% posterior probability.

6.6 There is good evidence that several PQ subscores
respond differently to immersion and coherence.

There is good evidence (86.9% posterior probability) that the
PQ Naturalness subscore is higher for participants in the
High-Coherence conditions than the Low-Coherence condi-
tions. There is negligible evidence (54.2%) that it responds
to immersion.

On the other hand, there is good evidence that
both the audio (85.1%) and haptic (83.3%) sub-
scores are higher for participants in High-Immersion
conditions (High-Immersion+Low-Coherence and High-
Immersion+High-Coherence combined) than in Low-
Immersion conditions (Low-Immersion+Low-Coherence
and Low-Immersion+High-Coherence).

6.7 There is strong evidence that exposure to bad co-
herence (i.e., glitches) causes heart rate to increase.

In Stage 1 of the study, coherence was the same for all par-
ticipants. This stage was used to measure the baseline heart
rate for all participants. In Stage 2, though, participants
in the Low-Coherence conditions were exposed to a series
of coherence failures, while those in the High-Coherence
conditions were not. There is strong evidence that LowPsi
participants experienced an increase in heart rate in Stage 2,
with a posterior probability of 87.1%. (See Figure 2.)

6.8 There is negligible evidence that the increase in
heart rate caused by exposure to the Pit is dependent
on either PI or Psi separately.

The effect of the Pit on heart rate can be considered either
by comparing to the baseline (Stage 4 - Stage 1) or to the
previous stage (Stage 4 - Stage 3). In neither case is it
probable that the size of the increase is greater for High-
Immersion vs. Low-Immersion (38.4%, 46.3%), or for High-
Coherence vs. Low-Coherence (59.9%, 38.9%).

7 DISCUSSION

As stated above in Section 6.4, we observed that
participants have higher PQ and SUS questionnaire
scores when both presence and immersion are high;

Fig. 2. Comparing coherence conditions by heart rate in each stage of
the study. (Bars represent 95% confidence intervals.)

Fig. 3. Comparing immersion conditions by heart rate in each stage of
the study. (Bars represent 95% confidence intervals.)

Fig. 4. Comparing all four conditions by heart rate in each stage of the
study. (Bars represent 95% confidence intervals.)
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none of the other conditions is substantially differ-
ent from another. This demonstrates that when coher-
ence and immersion are present together, participants
report significantly higher levels of presence. Further,
the scores for Low-Immersion+HighCoherence and High-
Immersion+LowCoherence conditions are not substantially
different, which may indicate that both immersion and
coherence are of roughly equal importance, at least as
regards scores on the PQ. Furthermore, neither of these
is substantially different from the Low-Immersion+Low-
Coherence condition, indicating perhaps that any noticeable
failure of either immersion or coherence causes a substantial
drop in presence.

We argue that these observations, taken together, indi-
cate that if their experience is “good enough,” users will
remember and report a high level of presence after the
fact, and if it is not, then they will report a lower level.
This suggests that self-report and/or post-facto measures of
presence, at least, favor experiences that are of a consistent
level of acceptable quality, and penalize experiences that
have failures, glitches, or breaks that draw a user’s attention
and can linger in the memory. This provides a piece of
practical advice for designers and builders of virtual reality
systems: Only build those features into a VE or a virtual
environment system which you are capable of delivering
at a consistently high level. Adding virtual humans to an
environment, for example, might actually lower a user’s
feeling of presence and reduce the quality of an experience
if in the process distracting or unnatural behavior is also
introduced.

The evidence that matched conditions result in higher
scores on the SUS questionnaire than mismatched condi-
tions may further suggest an effect where users prefer an
environment of consistent quality (whether high or low)
to one that is inconsistent. In the matched conditions, the
sensory representation of the environment and the behavior
of objects in it are of the same level of quality (whether good
or bad), while in the mismatched conditions, the environ-
ment looks realistic but behaves badly or vice versa. This
difference is evidence that consistency and predictability
are more important to users—at least as far as the feeling
of presence is concerned—than having the best possible
environment, if that level of quality cannot be maintained
throughout.

We speculate that these results lend credence to an
“uncanny valley” effect in virtual environments. In Mori’s
original presentation of the uncanny valley, it seems to us
that the problem is not inherently the humanlike appearance
of an entity, but rather the mismatch between its appearance
and its behavior [48]. Ishiguro has extended the concept
of the uncanny valley with a “synergy effect” in this way
(essentially, the match between appearance and behavior)
[49]. If an entity looks exactly like a human and behaves
exactly like a human, there should be no loss of affinity. For
all intents and purposes, it would be a human.

Following this logic, the uncanny valley theory no longer
has to be restricted to humanoid characters. One would
likely feel more affinity for a dog character if it behaved
like a real dog, for example. And, going further, we can
consider the environment itself as a character. If the en-
vironment is treated as a character, these results suggest

that one would feel greater affinity for it if its behavior
matched its appearance. Furthermore, these characteristics
of an environment—its behavior and its appearance (“ap-
pearance” in all sensory modalities)—map neatly onto co-
herence and immersion.

In comparing our observations (specifically, that
the questionnaire scores for the Low-Immersion+High-
Coherence and High-Immersion+Low-Coherence condi-
tions are similar) to previous studies measuring the relative
influences of different aspects of experience on presence
using self-report methods, ours seem to be in line with those
of Lessiter et al. [10]. That paper suggested that immersion
factors and coherence factors contributed roughly equally
to presence. (The four factors on the ITC-SOPI are Sense
of Physical Space, Engagement, Ecological Validity, and
Negative Effects; a factor analysis found that these four
factors explained 14.2%, 11.1%, 7.6%, and 5.4% of variance,
respectively. We consider Sense of Physical Space to measure
Place Illusion and Negative Effects to be a component of
immersion; these two together explain 19.6% of variance.
The other two seem to measure components of coherence,
and explain 18.7% of variance, taken together.) On the
other hand, our results agree less with those of Schubert,
Friedmann and Regenbrecht [50], which suggested that
immersion factors contributed roughly twice as much as
coherence factors. (Schubert, Friedmann, and Regenbrecht’s
factor analysis of a custom seventy-five-item survey yielded
eight factors that combined to explain 50.27% of variance:
spatial presence, quality of immersion, involvement, drama,
interface awareness, exploration of the VE, predictability &
interaction, and realness. We group spatial presence, immer-
sion quality, interface awareness, and exploration as immer-
sion factors; explaining 34% of variance. We then group in-
volvement, drama, predictability & interaction, and realness
as coherence factors; explaining 16% of variance.) Schubert,
Friedmann, and Regenbrecht also performed a replication
study [12], and in that study, they identified five factors,
explaining 53.0% of the total variance. These factors were
spatial presence, exploration of the VE, realness, predictabil-
ity & interaction, and involvement. Here we group spatial
presence and exploration as immersion factors, explaining
39% of variance, and realness, predictability & interaction,
and involvement as coherence factors, explaining 14% of
variance. Of note is that none of the participants in the ITC-
SOPI study, and few of the participants in the Schubert,
Friedmann, and Regenbrecht studies, based their responses
on experience of an immersive virtual environment. We
suspect that these proportions may vary based on the im-
mersiveness and the interactivity of the virtual experience.

Figure 5 depicts the skin conductance response for each
condition and each stage. Notable is the fact that the Low-
Coherence conditions do not exhibit a spike in Stage 2 as
was seen with heart rate. Skin conductance has generally
been considered to be less suitable as a measure of stress
in virtual environment due to its slow onset and slow
decay [46]. However, these results suggest that it might be
useful to gather this information, as heart rate is affected
by both stressful and “confusing” situations, whereas skin
conductance seems only to respond to stress.

Authorized licensed use limited to: La Trobe University. Downloaded on December 11,2020 at 02:54:50 UTC from IEEE Xplore.  Restrictions apply. 



1077-2626 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVCG.2020.2983701, IEEE
Transactions on Visualization and Computer Graphics

IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS 10

Fig. 5. Comparing all four conditions by skin conductance response in
each stage of the study. (Bars represent 95% confidence intervals.)

8 LIMITATIONS AND FUTURE WORK

We commented in Section 5 about the low quality of the
HMD used in this study, compared to HMDs that are widely
available today. It would be interesting to revisit field-of-
view manipulation with the ≈ 100◦ FoV HMDs that are
common today, or even with a specialized wide FoV display.

It was an oversight not to include the Reality Judgment
Presence Questionnaire of Baños et al. in the battery of
measures used in this study [44]. This seems to be the ex-
isting measure which is most directly related to Plausibility
Illusion, and it needs to be specifically evaluated for this
purpose in future work.

More generally, there are many presence questionnaires
in the literature, and we opted to use only two of them.
Other commonly used presence questionnaires include the
igroup Presence Questionnaire (IPQ), the ITC-Sense of Pres-
ence Inventory (ITC-SOPI), and the Lombard and Ditton
questionnaire [51]. Our choice was somewhat arbitrary; it
was simply not feasible to incorporate more questionnaires
and keep the duration of the experiment reasonable. That
said, the use of more or different questionnaires may have
yielded different insights.

Despite the fact that coherence, PI, and Psi are relatively
new ideas in the VE literature, there have been other re-
searchers that have identified related concepts. Biocca et
al. performed an experiment in which one of the factors
was the “scenario-appropriateness” of models in a VE task.
Participants in that study removed objects from a virtual
cadaver; the objects were either modeled as organs or sim-
ply as geometric primitives [52]. Experiential Fidelity is a
term coined by Beckhaus and Lindeman for the extent to
which the stimuli presented by a VE correspond to a user’s
beliefs and expectations [53]. In their discussion of a study
investigating the neural correlates of breaks in presence,
Sjölie et al. commented that an important part of main-
taining presence is “avoid[ing] anything that ‘disproves’
it by violating expectations” [54]. Llobera and colleagues
identified narrative coherence as one important dimension
of interactive storytelling [55]. Parola and colleagues argue
for a new definition of presence, “the sense of feeling real,”
that seems to correspond in many ways to Psi [56]. Gilbert

proposed the concept of authenticity [57], which is quite
comparable to coherence; the Bayesian framework he used
in that work was adopted by Skarbez in his discussion
of coherence in [1]. It is our hope that the coherence-Psi
terminology and model can unify some of this existing
work. It may also be worthwhile to examine the existing
literature to determine if there are other experiments (such
as the Biocca et al. study described above) that manipulated
coherence variables, even though they may have predated
the terminology.

The sample in this experiment was chosen to be rel-
atively uniform (young healthy males) with the intention
of having more consistent baseline physiological metrics.
Moreover, the population at large is certainly WEIRD (West-
ern, Educated, Industrialized, Rich, and Democratic) [58].
As a result, it is unclear how these results will generalize.

9 CONCLUSION

This paper was written with two purposes in mind. One
was to present a research agenda, based on Slater’s Place
Illusion/Plausibility Illusion model of user experience in
virtual environments, for the field commonly known as
presence research. This agenda presented many of the open
research questions in this field, broken down along the lines
of relevant constructs: immersion, coherence, Place Illusion,
Plausibility Illusion and presence.

The other was to present the design and results of a
study that investigated the effects of changing levels of
immersion and coherence on participants’ experience of and
behavior in a stressful visual cliff virtual environment. One
goal of this study was to determine whether existing mea-
sures of presence could reliably measure and distinguish
between Place Illusion and Plausibility Illusion. This goal
was not entirely achieved; that said, there is good evidence
that several subscores of the Witmer-Singer Presence Ques-
tionnaire respond differently to immersion and coherence,
so this may indicate a way forward for study in this area.
Other interesting findings were that the Slater-Usoh-Steed
questionnaire and the Witmer-Singer questionnaire respond
differently to increasing immersion, that high levels of Place
Illusion and Plausibility Illusion together result in higher
presence scores, that matched levels of immersion and co-
herence may also result in higher presence scores, and that
low coherence can cause increased heart rate. These results
advance the theory relating to immersion, coherence, PI,
and Psi, as well as offering practical advice to developers
of virtual experiences.
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