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Abstract
Although virtual reality (VR) is a promising tool for the investigation of episodic memory phenomena, to date there has been
relatively little examination of how learning mechanisms operate in VR and how these processes might compare (or contrast)
with learning that occurs in real life. Moreover, the existing literature on this topic is spread across several disciplines and uses
various distinct apparatuses, thus obscuring whether the differences that exist between studies might be due to genuine theoretical
discrepancies or may be more simply explained by accounting for methodological variations. The current review is designed to
address and elucidate several issues relevant to psychological researchers interested in understanding and/or using this techno-
logical approach to study episodic memory phenomena. The principle objectives of the review are as follows: (a) defining and
discussing the various VR systems currently used for research purposes, (b) compiling research of episodic memory effects in VR
as they have been studied across several disciplines, and (c) surveying major topics in this body of literature (e.g., how virtual
immersion has an impact on memory; transfer effects from VR to the real world). The content of this review is designed to serve
as a resource for psychologists interested in learning more about the current state of research in this field and is intended to
highlight the capabilities (and constraints) associated with using this technological approach in episodic memory research.
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Introduction

In experimental psychology, researchers often find themselves
facing the problem of creating a study that is sufficient in
terms of both its ecological validity and its degree of experi-
mental control (Kvavilashvili & Ellis, 2004). Although con-
trol is of course necessary for the careful and systematic ma-
nipulation of variables under investigation, tasks that lack an
adequate degree of ecological validity may be somewhat mis-
representative of the phenomenon of interest, thus threatening
the generalizability of results outside of the laboratory.
However, the emergence of virtual reality (VR) technology
presents an exciting opportunity for psychologists to increase
the ecological validity of a task in a setting that simultaneously
maintains the experimental control necessary to reliably

evaluate a given psychological construct. More precisely, in-
corporating VR into an experiment has the potential to en-
hance a study in terms of both its verisimilitude (i.e., the extent
to which an experimental task realistically simulates the real-
life situation of interest, thus imposing similar cognitive de-
mands on the subject) as well as its veridicality (i.e., the extent
to which experimental results accurately reflect and/or predict
the psychological phenomenon of interest; for discussion, see
Parsons, 2011; see also Chaytor & Schmitter-Edgecombe,
2003). Virtual environments can be created to reflect a theo-
retically infinite number of situations in a manner that is in
many cases drastically more cost efficient than the creation of
its real-world equivalent. Indeed, this technology provides
researchers with the means to incorporate tasks that would
be impossible to replicate in the controlled context of a labo-
ratory (regardless of cost), such as wide-scale navigational
tasks like traveling through a city. Moreover, neuroimaging
techniques can be fruitfully employed in conjunction with
these tasks, thus allowing for an otherwise impossible glimpse
into the neurological underpinnings of these sorts of natural-
istic activities (e.g., Spiers & Maguire, 2007).

Although quite promising, much is still unknown about the
psychological properties of VR and whether this mode of
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interaction is similar enough to real life to be an effective
proxy for the experimental assessment of different phenome-
na. For example, how effective is learning information in a
virtual environment, and howmight this level of efficacy com-
pare with learning as it occurs in real environments?
Answering such questions requires an assessment of long-
term memory effects within virtual environments, and in par-
ticular calls for an evaluation of how studying information in
VR relates to episodic memory (defined classically as
Binformation about temporally dated episodes or events, and
temporal–spatial relations among these events^; Tulving,
1972, p. 385). An understanding of how episodic memory
operates in VR is not only of interest to researchers of cogni-
tive psychology but also has implications for the applied util-
ity of using virtual environments as a platform for learning in
both educational and industrial settings.

Although applications of trainingwith VR technology have
spanned from fighter jets (Lele, 2013) to fast food (Vanian,
2017), a firm foundation of basic research on episodic mem-
ory in VR is essential to understanding the overall utility of
learning in VR and how it might compare (or contrast) with
real-life training. The extant research on this topic spans a
number of fields, including psychology (cognitive and clini-
cal), human factors, and basic perceptual research. Each of
these fields assesses the construct of memory in slightly dif-
ferent ways, and, in many instances, there seems to be mini-
mal cross-talk between disciplines concerning experimental
results. Furthermore, there is a wide variety of VR apparatuses
in use for this line of research, spanning from simple desktop
computer interfaces to expansive multimillion-dollar cham-
bers dedicated specifically to the creation of highly immersive
VR environments. The technological characteristics of differ-
ent VR systems may likewise result in different levels of
encoding efficiency, thus potentially leading to the appearance
of theoretically discrepant results across studies that might be
better explained through an examination of the specific meth-
odologies employed. These factors have made it somewhat
difficult to appraise the body of research on episodic memory
in VR from the perspective of cognitive psychology.

The current review has several objectives. First, this review
defines and discusses several key distinctions between VR
apparatuses and introduces terminology to more efficiently
and effectively convey the basic properties of a given VR
system in a manner that quickly distinguishes one setup from
another. Additionally, this review contains a selected compi-
lation of representative research that exists across several dis-
ciplines related to episodic memory effects within VR. These
articles are framed in the context of general research of epi-
sodic memory phenomena as they are discussed in the realm
of cognitive psychology. They are then synthesized in such a
way as to make them familiar to memory researchers while
maintaining a degree of technical accuracy specified in re-
search from other disciplines. Furthermore, this review will

provide a survey of several major topics of interest to memory
researchers considering the use of VR, such as the impact of
virtual immersion on memory, possible mnemonic benefits of
actively (vs. passively) engaging with the virtual environment,
and the existence and extent of transfer effects from VR to
real-life assessments of episodic memory. Although reviews
focusing on the use of VR exist in other domains of psychol-
ogy (e.g., Diemer, Alpers, Peperkorn, Shiban, & Mühlberger,
2015; Parsons, Gaggioli, & Riva, 2017; Parsons & Phillips,
2016), to my knowledge, no such review currently exists for
episodic memory research at the time of this writing. As such,
the ultimate objective of this review is to provide a resource
for cognitive psychologists interested in using VR as a meth-
odological tool for studying episodic memory phenomena.

What counts as Bvirtual reality^?

Before delving into the extant body of research on episodic
memory using VR, it is important to first clearly establish
what sorts of methodologies fall under the umbrella of Bvirtual
reality^—a term that is frequently used to refer to various
experimental apparatuses interchangeably (Wilson &
Soranzo, 2015). According to Merriam-Webster, VR can be
generally described as follows:

An artificial environment which is experienced
through sensory stimuli (such as sights and sounds)
provided by a computer and in which one’s actions
partially determine what happens in the environment.
(Virtual Reality, n.d.).

Although this description is perhaps intuitive, it is also
quite broad. A more technically explicit definition of what
constitutes VR can be found in the field of human–computer
interaction:

Virtual Reality is a scientific and technical domain
that uses computer science and behavioral interfaces
to simulate in a virtual world the behavior of 3D
entities, which interact in real time with each other
and with one or more users in pseudo-natural immer-
sion via sensorimotor channels. (Fuchs, Moreau, &
Guitton, 2011, p. 8).

Certain key terms within this definition merit explanation
in their own right. For instance, the concept of real-time
interaction refers to the requirement of a VR apparatus to
allow for a user to directly interface with the system (e.g.,
user-controlled navigation) in such a way that there is minimal
delay between a user’s interaction and the associated response
elicited from the environment. As such, a computer-generated
environment that is observed without interaction would not be
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classified as VR. Elaboration on the concept of immersion is
also critical to understanding this technical definition. In the
context of VR research, immersion is classified as the degree
to which a VR system produces a naturalistic portrayal of the
sensory and interactive elements of a given virtual environ-
ment.1 Immersion thus serves to isolate the user from the
perceptual and interactive elements of the real world by virtue
of how faithfully the VR system replicates the sensorimotoric
richness of a virtual environment’s analogous real-life
equivalent.

Although this definition of VR provides a great deal of
specificity, it does not explicitly enumerate which sorts of
apparatuses might satisfy these conditions. Indeed, many sys-
tems exist that—while varying greatly in terms of their tech-
nical features and complexity—might all be broadly catego-
rized as BVR.^ However, it is important to recognize that the
nature of an experimental task might fundamentally change
depending on the apparatus being used. For instance, the act of
walking in a virtual environment might be as sophisticated as
actually walking on a treadmill that adjusts its speed to match
your pace as you navigate in a scene, or as simple as pressing a
button or tilting a joystick to indicate the direction of an ava-
tar’s movement. Consequently, the lack of terminological
specificity regarding the classification of VR systems could
invite inappropriate comparisons of results across experi-
ments, potentially leading to the appearance of theoretically
discrepant outcomeswhen the true cause of discrepancymight
actually be the nature of the apparatuses being used.
Therefore, it is important to account for the specific properties
of different VR systems when seeking to compare results
across studies.

To help reduce the ambiguity of what type of equipment is
being used in a particular study, it will be helpful to establish
terminology that allows for more precision and efficiency in
identifying the general properties of a given VR system.
Oftentimes, a reader will not know the general nature of the
apparatus being employed in an experiment until reaching the
Methods section. However, differences in results have been
shown to occur depending onwhat type of VR system is being
implemented (e.g., Ruddle, Payne, & Jones, 1999), so an up-
front understanding of the basic properties of the apparatus
would be helpful in orienting the reader. Although there is a
great deal of technological heterogeneity in the field of VR
research, the majority of VR systems tend to fall into the three

subtypes introduced below: (1) Desktop-VR, (2) Headset-VR,
and (3) Simulator-VR.

Desktop-VR

Desktop-VR refers to any virtual environment that uses a
standard computer monitor as its visual display (Furht, 2008,
p. 963). Additionally, interacting in Desktop-VRmakes use of
the standard computer mouse and keyboard as input devices.
As such, this form of VR is quite cost-effective because of the
wide availability of the hardware necessary to run it and soft-
ware packages available for programming these virtual envi-
ronments. Furthermore, and unlike other forms of VR, the
ubiquity of the standard input devices for Desktop-VR make
them much more likely to be familiar to subjects prior to their
arrival for an experiment, which could make the training phase
of a study quicker and more straightforward. Desktop-VR has
been used in psychological research for decades, although this
specific term (or variations including the word desktop) is not
consistently applied across studies.

Despite the aforementioned benefits of Desktop-VR, there
are some drawbacks to consider. First, although the graphical
environments of Desktop-VR often exist in 3-D, they are pre-
sented on a 2-D display, and therefore only monocular depth
cues are available to indicate the distance of objects in the
environment (i.e., no stereoscopy). Also, the way subjects
interface with Desktop-VR is often not motorically analogous
to the action being simulated. For instance, to look Bup^ in this
type of virtual environment might require the subject to phys-
ically move the mouse forward, or Bpicking up^ a virtual
object may be done by pressing down a button on the key-
board. This mismatch may limit the utility of Desktop-VR in
the exploration of memory phenomena that have a relevant
motoric component. Finally, these drawbacks typically result
in reduced levels of immersion in Desktop-VR relative to
other forms of VR.

Headset-VR

Unlike Desktop-VR, Headset-VR is characterized by its use of
specialized viewing equipment. Specifically, head-mounted
displays (or HMDs) are placed on the head and display
computer-generated images directly in front of the eyes.
Simultaneously, the HMD detects the head motion of the sub-
ject in order to update the visual information being presented
in a manner that is consistent with the angle and velocity at
which the head is turning—in short, you are able to Blook
around^ the virtual environment in a manner that is natural
and not confined to the borders of a conventional computer
screen (Furht, 2008). Moreover, in most Headset-VR pro-
grams, each eye is presented with images from slightly shifted
perspectives such that the virtual environment is viewed ste-
reoscopically, thus providing binocular depth cues for a more

1 Note that this differs slightly from some definitions that exclusively define
immersion as the level of sensory fidelity afforded by the VR apparatus,
regardless of the manner in which subjects interact with the environment
(see Bowman &McMahan, 2007). However, the term immersion will be used
in this paper to refer to both the sensory (output) and interactive (input) prop-
erties of a VR system. This usage is consistent with other descriptions of
immersion (e.g., Makowski, Sperduti, Nicolas, & Piolino, 2017; Slater,
2003; see also Fuchs et al., 2011).
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comprehensive sense of object distance. In addition to this
specialized viewing equipment, many contemporary HMD
systems also include hand-held controllers as input devices
that allow the user to interact with the environment. The spa-
tial location of these controllers is mapped in the virtual envi-
ronment, allowing the user to visually observe where the con-
trollers—and, by extension, the user’s hands—are located
with respect to the 3-D virtual space.

Movement throughout the Headset-VR environment can
take many forms. Users might be in a stationary position (ei-
ther sitting or standing) as they interact with the environment,
with movement limited to the normal range of motion for the
head and hands from a fixed location. To simulate a wider
range of exploration of the virtual environment, users might
also navigate with the help of hand-held controllers, either
gradually Bwalking^ through the virtual space or Bteleporting^
to a designated location while physically remaining stationary.
Methods also exist that allow a user to physically walk around
while the virtual environment updates itself based upon the
user’s position. For instance, sensors (e.g., the HTCVive Base
Stations—aka BLighthouses^) can be used to designate an
empty physical space for the user to walk around a small
region of the virtual environment, with a visible barrier
projected into the HMD to indicate when a user is reaching
the border of this space (to help them avoid collision with
unseen physical obstacles). Alternatively, the use of a tread-
mill synchronized with the computer-generated environment
allows the user to walk endlessly through the virtual space,
either on one axis (as with a conventional linear treadmill) or
in any direction (as with an omnidirectional treadmill).
Notably, the proficiency of movement in Headset-VR in terms
of speed (i.e., time necessary to navigate a virtual environ-
ment), accuracy (i.e., how few collisions occurred in said en-
vironment), and length of training necessary for subjects to
become familiar with the apparatus varies as a function of
which form of virtual locomotion interface is being used, with
a pattern generally favoring physical walking, which is trans-
lated into the virtual space (see Ruddle, Volkova, & Bülthoff,
2013, for a comparison of several forms of VR locomotion;
see also Feasel, Whitton, & Wendt, 2008).

Recently, HMDs have become more accessible than ever
before with the advent of several commercially available
headsets (e.g., the HTC Vive, the Oculus Rift, PlayStation
VR). Software for developing custom VR environments is
also readily available and, in many cases, free of cost for
noncommercial users (e.g., game engines like Unity3D and
the Unreal Engine). This software can be used to incorporate
and display a wide range of preexisting virtual 3-D objects and
textures, whether they have been obtained from various online
sources (e.g., the Unity Asset Store, Google Poly) or from a
set of virtual stimuli that have been specifically standardized
for use in psychological research (e.g., Peeters, 2018).
Additionally, hardware costs have declined substantially, with

the headsets listed above currently retailing for approximate-
ly $400–$600 (USD) depending on the system.2 A current
limitation of Headset-VR is that a physical cable connecting
the HMD to the computer is required to produce the highest
fidelity visual images, which reduces a user’s overall mobility
and may even present a tripping hazard if not properly
accounted for. However, this issue is likely a temporary tech-
nological limitation. Efforts are already underway to produce
wireless HMDs capable of high rates of data transmission
(e.g., Abari, Bharadia, Duffield, & Katab, 2016), and hard-
ware for wireless HMDs has recently started to become com-
mercially available (e.g., the HTCViveWireless Adapter). All
things considered, Headset-VR provides perhaps the greatest
potential for increasingly widespread use of VR as a method-
ological tool for the controlled study of memory phenomena.

A comparatively new subclassification of Headset-VR has
emerged in recent years that is also worth examining.
Specifically, the visual displays and processing capabilities
of many contemporary smartphones can be combined with
wearable and relatively inexpensive optical hardware (e.g.,
Google Daydream View, Samsung Gear VR) to create a func-
tional self-contained Headset-VR interface. This alternative
HMD setup is known as a Mobile-VR apparatus. Mobile-
VR enjoys certain advantages when compared with the con-
ventional HMDs discussed earlier. For instance, these systems
are portable and completely wireless, thus eliminating any
need to tether the headset to external hardware for graphical
processing or motion sensing (allowing the user to engage
with VRwithout being physically restricted to a predesignated
location). Additionally, Mobile-VR makes use of the already
increasing ubiquity of smartphone devices by sparing the user
the additional expense of a dedicated HMD and the hardware
necessary for it to function, making such headsets much more
cost-effective.

However, there are also some noteworthy drawbacks to
Mobile-VR (at least with regard to its current iteration at the
time of this writing). Unsurprisingly, the graphical processing
capability of VR-capable computers surpasses that of
smartphones. Consequently, the resolution of virtual environ-
ments rendered in Mobile-VR is comparatively constrained in
order to maintain a sufficiently high frame rate, thus reducing
sensory immersion (see Carruth, 2017). Furthermore, al-
though Mobile-VR is capable of tracking all three forms of
rotational head movement (i.e., roll, pitch, and yaw) from a
stationary location, it is generally incapable of registering
translational movement as a user moves around in virtual

2 Although this is the approximate cost of the HMD and its respective con-
trollers, it should be noted that these are not standalone systems (which have
only recently begun to emerge in earnest; e.g., the Vive Focus). As such, these
devices require a computer with substantial graphics processing ability in order
to meet minimum system requirements (with the exception of PlayStation VR,
which requires a PlayStation 4 gaming console). A list of recommended hard-
ware standards can be found on the websites of these respective systems.

1216 Psychon Bull Rev (2019) 26:1213–1237



space (i.e., forward-and-backward, up-and-down, and side-to-
side movements; see Pal, Khan, & McMahan, 2016, for fur-
ther discussion of rotational and translational motion tracking
in VR systems). As such, current Mobile-VR systems are
typically classified as three-degrees-of-freedom (or 3-DOF)
devices, whereas many conventional HMDs are capable of
tracking six degrees of freedom (6-DOF). However, as the
processing capability of smartphones continues to advance,
future Mobile-VR devices will be able to display increasingly
higher resolution VR environments. Likewise, future devices
should be capable of 6-DOF motion tracking as well—
perhaps by using the phone’s onboard camera in conjunction
with its internal inertial sensors (e.g., accelerometer and gyro-
scope) to update the user’s location in real time (for
discussion, see Fang, Zheng, Deng, & Zhang, 2017). For the
time being, researchers should consider how the benefits (and
limitations) of Mobile-VR compare with more conventional
Headset-VR systems with respect to the specific objectives
and experimental design of a given study.

Simulator-VR

Although all forms of VR consist of some form of simulation in
the general sense of the word, Simulator-VR (hereafter BSim-
VR^) is distinguished from the previous VR systems primarily
by its use of external visual displays (unlike Headset-VR) and
specialized input devices (unlike Desktop-VR). Considering the
wide variety of systems that fall into this category, Sim-VR
setups can largely vary in terms of their immersiveness depend-
ing on how the user both observes and interfaces with the envi-
ronment. Ideally, a more immersive Sim-VR apparatus will fea-
ture multiple projector screens or display panels that are config-
ured such that a user is surrounded (either partially or entirely) by
the visual imagery of the virtual environment, thus dominating
the subject’s field of view. Arguably the most sophisticated ex-
ample of the visual component of highly immersive Sim-VR is
represented by systems known as Computer-Aided Virtual
Environments (or CAVEs; see Furht, 2008). CAVEs are entire
rooms that are dedicated to displaying a virtual environment and
often offer features like head tracking, special glasses that allow
the user to view the environment stereoscopically, and ceiling-to-
floor graphical displays that completely envelop the user in the
computer-generated world (see Slater & Sanchez-Vives, 2016);
however, constructing a system with all of these components
often comes with a price tag in the millions (Lewis, 2014).

In terms of input devices, some professional simulation
systems are designed to allow the user to interface with a
particular environment (e.g., the cockpit of an airplane) in a
highly naturalistic manner. For instance, driving simulators
have been created where the subject enters a full-sized vehicle
surrounded by screens on all sides and containing input de-
vices (e.g., steering wheel, brake pedal) that are configured
such that the user is able to navigate the virtual environment

in a way that is comparable with real life (e.g., Unni, Ihme,
Jipp, & Rieger, 2017). Additionally, many VR input devices
also feature haptic feedback, thus further enhancing the
sensorimotoric correspondence between the virtual training
environment and the real-life task. Indeed, input devices with
more sophisticated forms of haptic feedback have been found
to enhance user performance (e.g., Weller & Zachmann,
2012), which can be useful during training for highly complex
procedural tasks such as surgery (see Kim, Rattner, &
Srinivasan, 2004; Panait et al., 2009; see also Pan et al.,
2015). In short, the ideal Sim-VR system is designed to allow
for a faithful reproduction of both the sensory and motoric
processes a subject would experience in a given real-life
situation.

Although the costs associated with the more immersive
systems described above can be prohibitively expensive,
Sim-VR can fortunately also be created with comparatively
affordable experimental setups (albeit with relative reductions
in immersiveness as well). For example, such setups might
take the form of a set of screens partially encircling the subject
in a U-shaped configuration (e.g., Maillot, Dommes, Dang, &
Vienne, 2017). Indeed, even the use of a single screen could
cause an apparatus to fall into the category of Sim-VR (as-
suming the use of a specialized input device),3 although in
most cases such an apparatus would preferably use a fairly
large screen to maximize the portion of the subject’s field of
view occupied by the virtual environment. Studies using this
variant of Sim-VR might also place subjects in darkened
rooms (so that nonvirtual elements of the environment are
comparatively obscured from vision), and incorporate task-
specific hardware for subjects to interact with, for instance, a
treadmill for virtual walking tasks (e.g., Larrue et al., 2014) or
a steering wheel, brakes, and accelerator pedal for driving
tasks (e.g., Plancher, Gyselinck, Nicolas, & Piolino, 2010).
Given the variability of setups employed with Sim-VR, spe-
cial care should be taken by researchers to clearly define all
aspects of the apparatus for the reader, particularly considering
that the degree of immersion is likely to vary more within this
category than in the previously defined VR classifications.

Differences between VR systems

Although it is possible that the terms introduced above may
not address every specific variation of VR system in existence,

3 Technically, even a common game controller or joystick would satisfy this
classification criterion, as they are input devices with the primary or sole
function of allowing a user to interact with a 3-D virtual environment (unlike
a keyboard and mouse). However, if this is the only distinction of a VR
apparatus from a conventional desktop computer setup, the apparatus would
still be more appropriately categorized as Desktop-VR unless other steps are
taken to improve immersiveness. In short, the minimal condition necessary for
a system to be classified as Sim-VR is some degree of increased sensory and
interactive immersion relative to a standard Desktop-VR system (e.g., a large
screen and an input device other than a mouse and/or keyboard).
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this taxonomy accounts for the vast majority of VR appara-
tuses in use for psychological research. It is important to note
that this taxonomy is intended to establish a qualitative de-
scription of common properties that featurally distinguish dif-
ferent VR systems and should not be thought of as inherently
hierarchical in nature (say, with regard to immersion). Indeed,
the vast degree of heterogeneity even within each of these
classifications would preclude a meaningful hierarchy that
could be consistently applied across the literature. Therefore,
adherence to this taxonomy should not be seen as a substitute
for careful consideration of the specific individual factors
within these categories that might influence behavioral perfor-
mance. Rather, the primary utility of creating these classifica-
tions is to facilitate a quick at-a-glance understanding of the
basic properties of a VR system in a given study. This can be
useful when more broadly considering the influence that a
given type of apparatus can have on the results of a study—
not only when comparing performance between different VR
systems but also when comparing VR performance to a real-
life version of the simulated task.

As discussed later in this review, there are occasionally
discrepant results in the VR episodic memory literature. To
this end, these classifications should aid in the contextualiza-
tion of seemingly contradictory results to better understand
whether they reflect legitimate differences in memory perfor-
mance or might be explained more parsimoniously by an ex-
amination of the technological features of the apparatus in use.
As such, for the remainder of this paper these terms will be
used to indicate the basic nature of a given VR system and will
be followed by a more detailed description of the specific
characteristics of the apparatus when appropriate.

Properties of virtual reality immersion
and their impact on episodic memory

Perhaps unsurprisingly, many studies reveal a general pattern
in which more immersive VR systems promote better episodic
memory performance (e.g., Dehn et al., 2018; Harman,
Brown, & Johnson, 2017; Ruddle, Volkova, & Bülthoff,
2011; Schöne, Wessels, & Gruber, 2017; Wallet et al., 2011;
cf. Gamberini, 2000; LaFortune & Macuga, 2018). Given the
potential mnemonic benefits afforded by immersive environ-
ments, a consideration of the factors that contribute to immer-
sion is worthwhile. Some researchers classify VR systems in
absolute terms of whether they are Bimmersive^ or
Bnonimmersive^ (e.g., Brooks, Attree, Rose, Clifford, &
Leadbetter, 1999); however, immersion is not an all-or-
nothing variable, but rather exists on a continuum (Bowman
& McMahan, 2007). Therefore, when one is considering the
impact of immersion on episodic memory, it is important to
consider how varying degrees of immersion affect memory
performance. This review will not seek to establish a means

of operationalizing degrees of immersion in a quantifiable
sense, but will instead survey various characteristics that all
contribute to the immersiveness of a virtual environment.
Furthermore, evidence regarding the impact of each of these
factors on episodic memory will be considered below.

Visual fidelity

The property of visual fidelity is defined as how faithfully a
VR system reproduces the visible qualities and detail of anal-
ogous visual information found in the real world. Nearly all
VR systems have, at minimum, some sort of visual display
component (cf. Connors et al., 2014), so a consideration of
qualities contributing to enhanced visual fidelity is a central
element of the immersiveness of an apparatus. However, just
because visual fidelity has an impact on immersiveness does
not necessarily mean that this specific property of immersion
has an impact on memory. Therefore, one should consider
what evidence exists from studies that have manipulated visu-
al fidelity as an independent variable and compared memory
performance between conditions.

One quality that contributes to the overall visual fidelity of
an environment is its level of detail, including features such as
color, texture, lighting effects (e.g., shadows), and other visual
properties of objects in the virtual environment. To test the
impact of visual detail on memory, Wallet et al. (2011) con-
structed two versions of a virtual environment that reproduced
the spatial layout of an area in an actual city: one without color
or texture (resulting in a monochromatic environment com-
posed of more simplistic geometric shapes), and the other with
the inclusion of color and textures that more clearly defined the
nature of the geometric shapes (e.g., buildings, a road). Subjects
interacted with this environment in a more basic Sim-VR setup,
including a single (large) projector screen and a joystick input.
After navigating through the city, subjects completed three as-
sessments to determine how well the navigated route was re-
membered: (1) a wayfinding task, where subjects reproduced
the virtual route in the real world; (2) a sketch-mapping task,
which required subjects to draw the visualized route; and (3) a
scene-sorting task, in which subjects arranged a set of images
taken along the route in chronological order. Subjects who
learned the route in the detailed virtual environment performed
significantly better on all three assessments when compared
with subjects in the undetailed environment.

This general pattern is consistent with neuroimaging re-
search exploring how increased visual detail influences mem-
ory performance. Rauchs et al. (2008) instructed subjects to
use a four-direction keypad to navigate a virtual town in
Desktop-VR, with explicit instructions to learn the layout of
the streets and the placement of various target locations within
the environment. During retrieval, subjects were placed in an
fMRI scanner and instructed to identify and follow the route
between two locations in the previously learned environment
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as quickly and efficiently as possible. On some trials, subjects
completed this task in a virtual environment identical to the
previous study phase. On other trials, subjects completed the
same task in a perceptually impoverished version of the envi-
ronment, where visual details like colors and textures were
removed, but the spatial structure of the environment
remained intact. Behavioral results indicated that reduced vi-
sual fidelity during retrieval decreased both the efficiency and
accuracy of spatial navigation. This decreased performance
was consistent with variation in neural activity—relative to the
original virtual environment, navigation in the impoverished con-
dition yielded reduced activity in certain brain regions (i.e., the
cuneus, left fusiform gyrus, and right superior temporal gyrus;
see also Maguire, Frith, Burgess, Donnett, & O’Keefe, 1998).
Thus, whereas Wallet et al. (2011) found that encoding with
reduced visual detail affects spatial memory performance, this
study provides complementary evidence that reduced visual de-
tail at retrieval similarly influences navigational performance
(both behaviorally and neurologically).

However, not all experiments reveal a clear benefit of vi-
sual detail on memory. For instance, Mania, Robinson, and
Brandt (2005) created three versions of a virtual office that
varied in terms of the sophistication of environmental lighting
effects. Subjects used a Headset-VR system to visually ex-
plore the office from a stationary location in the center of the
room and were later given a recognition memory test to assess
memory for the objects in the room. Although subjects in the
mid-quality condition outperformed those in the low-quality
condition, recognition in the high-quality group was surpris-
ingly no different from either the low-quality or mid-quality
groups (see also Mania, Badariah, Coxon, & Watten, 2010).
Such findings reveal that the association between memory and
visual detail is unclear and may depend upon which properties
of visual detail are being manipulated.

Other research suggests that the effect of visual detail on
episodic memory might be subtle and could assist memory for
certain items more than others depending on environmental
context. To assess this, Mourkoussis et al. (2010) created two
versions of a virtual environment (an academic office) with
extreme variation in their level of visual detail. The low-detail
environment was a basic wireframemodel that represented the
borders and contours of the objects in the scene. Unlike the
high-detail condition, these objects were not filled in with their
respective shading or texture—in essence, this amounted to a
set of items that were simply outlined in their respective
colors. The items in this environment fell into one of two
categories: They were either consistent with the context of
an academic office (e.g., a bookcase) or inconsistent (e.g., a
cash register). Subjects viewed the environment from a sta-
tionary position in the center of the virtual office using
Headset-VR and were then given an old/new item-
recognition test. Although there was no main effect of visual
detail on recognition memory, there was an interaction in

which memory for inconsistent items was improved in the
highly detailed condition, whereas memory for consistent
items was not affected by the level of visual detail. This out-
come may have particular relevance for researchers hoping to
study distinctiveness effects in memory, as it suggests that
lower levels of visual detail may dampen effects that generally
result in improvedmemory for items that are incongruent with
their environment (for a review of distinctiveness effects, see
Schmidt, 1991).

Visual detail is only one factor that contributes to the over-
all visual fidelity of a virtual environment. The presence or
absence of a stereoscopic display also contributes to visual
fidelity by allowing the observer to take advantage of binoc-
ular depth cues. Bennett, Coxon, and Mania (2010) explored
whether this variable affected memory performance by ma-
nipulating the presence of these cues in a Headset-VR system.
Specifically, half of the subjects viewed the virtual environ-
ment stereoscopically, whereas the other half viewed the scene
in a Bmono^ condition that eliminated stereopsis. At retrieval,
memory for the spatial configuration of objects was not found
to significantly vary as a function of whether stereoscopic cues
were available, although responses on remember/know judg-
ments did vary somewhat (specifically, there were more re-
member judgments in the stereo condition for objects that
were thematically consistent with the environment).4

Another component of visual fidelity is the amount of vi-
sual information available to the user at any given time.
Ragan, Sowndararajan, Kopper, and Bowman (2010) studied
the impact of field of view (i.e., the portion of the visual world
the observer can see at any point in time; FoV) and field of
regard (i.e., the area surrounding the observer that contains
visual information; FoR) on memory performance in a virtual
environment. Researchers used a Sim-VRCAVE setup where-
in subjects were seated in the center of a cubic room and
rotated the environment using a joystick. To manipulate field
of view, subjects were given goggles that were either
completely transparent (High-FoV) or contained blinders that
limited peripheral vision (Low-FoV). Field of regard was ma-
nipulated by altering the number of screens in use—the High-
FoR condition used screens to the right, left, and in front of the
subject, whereas the Low-FoR group only had the screen di-
rectly in front of them. During the task, subjects observed a
sequence of events with objects moving on a grid (e.g., a
yellow sphere moving to a particular location, followed by
placing a red block on top of another object), and then later
had to recall the entire sequence in order. Higher fidelity for
both field of view and field of regard contributed to increased

4 This procedure was somewhat different from the remember/know paradigm
typically used in psychological research. Although the concept of recollection
was defined conventionally and associated with responses of Bremember,^
subjects were given two different response options (Bfamiliar^ and Bknow^)
to indicate familiarity, despite the typical use of only one option in studies of
metacognition.
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memory performance (i.e., fewer errors), and High-FoR even
reduced the amount of time subjects needed for the memory
assessment. Additionally, the condition with both Low-FoV
and Low-FoR was significantly slower and more error-prone
than any of the other three combinations of these variables.5

Multimodal sensory information

Although visual fidelity has a large impact on the
immersiveness of a virtual environment, nonvisual sensory
stimuli also contribute to immersion and are capable of
supplementing an otherwise unimodal VR system. Does the
increased immersiveness of a multimodal environment trans-
late to increased performance on memory tasks? If so, do all
sensory modalities contribute to this benefit, or only certain
ones?

Perhaps the most natural secondary sensory modality to
consider would be audition. To investigate the impact of in-
cluding sound in a virtual environment, Davis, Scott, Pair,
Hodges, and Oliverio (1999) created a Headset-VR study with
three conditions: high-fidelity sound (typical CD quality sam-
pling rate), low-fidelity sound (comparable to AM radio qual-
ity), and no sound. During the study phase, subjects navigated
within four virtual rooms using a joystick and observed a
variety of objects within each of these rooms. Each room
had walls with a distinctive color (red, yellow, green, or gray)
as well as distinctive ambient sounds (city, ocean, forest, and
storm sounds). Subjects were later given a free recall test in
which the high-fidelity audio condition was numerically, but
not significantly, better than the no-audio condition (p = .10).
However, a subsequent forced-choice recognition assessment
was given to evaluate source memory; subjects had to assign
images of each object with the respective room in which they
were observed. On this task, there was a significant benefit of
audio fidelity, with performance in the high-fidelity condition
surpassing the no-audio condition. In contrast, the difference
between the low-fidelity and no-audio conditions was nonsig-
nificant. These results indicate that although the mere
existence of distinctive audio in a virtual environment may
not improve source memory performance, the inclusion of
high-quality audio may enhance a subject’s ability to effec-
tively encode the context in which an object is observed.

Neuroimaging evidence also supports the notion that in-
cluding audio may enhance memory encoding in a virtual
environment. Andreano et al. (2009) used fMRI to observe
brain activity when subjects passively viewed virtual environ-
ments with or without the inclusion of auditory cues.
Specifically, the visual clips included a prerecorded navigation
through different environments, with an auditory cue

presented upon the location of an object in the environment
(e.g., locating a seashell while walking on the beach).
Although no behavioral assessment of memory performance
took place in this study, results indicated increased hippocam-
pal activity when subjects experienced the bimodal environ-
ments relative to their visual-only counterparts, thus providing
neurological evidence concerning the impact that increasing
immersion through the inclusion of sound might have on
memory encoding. In fact, although it may seem unorthodox,
a VR system technically does not require any visual informa-
tion in order for a subject to learn the spatial layout of a virtual
environment. Such nonvisual apparatuses are commonly used
in research seeking to improve the spatial navigation abilities
of subjects who are blind (for a brief survey of nonvisual VR
systems used in blindness research, see Lahav, 2014).

Can other sensory modalities also contribute to memory
performance in VR? A Headset-VR study by Dinh, Walker,
Hodges, Song, and Kobayashi (1999) incorporated several
variations of a virtual environment based on the level of visual
detail and the presence or absence of auditory, tactile, and
olfactory stimulation. Tactile cues included a fan that turned
on in real life when subjects approached the virtual fan, and a
heat lamp intended to mimic the impression of standing in the
sunshine when they walked to the virtual balcony. The olfac-
tory cue was the scent of coffee presented via an oxygen mask
when the subject was in the vicinity of a virtual coffee pot.
Although there were no differences between groups in terms
of their memory for the overall layout of the environment
itself, both olfactory and tactile cues improved recall perfor-
mance for the location of objects within the environment.

Although all of the previous studies on multimodal sensory
information have provided nonvisual cues during the study
phase of the experiment, one might reasonably wonder wheth-
er an effect might be observed if such cues were provided in
the retrieval phase. Could the presence of an olfactory cue
used during study reinstate the context of the encoding epi-
sode if presented again during retrieval? Moreover, might an
olfactory cue presented only during retrieval affect memory in
some way if the scent is contextually appropriate for the set-
ting of the virtual environment? Tortell et al. (2007) sought to
answer these questions by constructing a unique Sim-VR ap-
paratus designed to produce olfactory cues at varying times
during the experiment. The researchers employed a 2 × 2
design to manipulate the presence and timing of olfactory
cues, with scent during encoding and scent during retrieval
as the two factors. The scent was a custom-designed com-
pound intended to mimic a smell appropriate for the virtual
environment, which in this study was Ba swampy culvert.^
Subjects in all conditions studied the virtual environment
and were then given a recognition memory test where they
had to indicate which items had not been viewed during
encoding. Results indicated a main effect in which the pres-
ence of an olfactory cue during the study phase produced a

5 Although there might be an upper limit to the benefits of increased field of
view on memory performance (see Richardson & Collaer, 2011; see also Lin
et al., 2002).
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significant improvement in recognition memory. However, no
additional benefit was conferred by having the scent presented
during both encoding and retrieval. Furthermore, subjects
who experienced the scent only during retrieval had worse
memory performance than any of the other three conditions.

Active versus passive interaction
with a virtual environment

The previous considerations regarding the types of sensory
information provided by various virtual environments is inte-
gral to understanding the relationship between VR immersion
and episodic memory performance. However, a full apprecia-
tion of a virtual environment’s immersiveness also requires an
inspection of a subject’s interactions within the environment.
Interaction is, after all, a critical component of what distin-
guishes VR from simply watching a video from a first-
person perspective. The nature and extent of virtual interaction
can take several forms—from having full control of naviga-
tion and manipulation of objects to simply having the ability
to Bturn your head^ (literally or figuratively) to observe dif-
ferent regions of the virtual environment (e.g., with a joystick
or with head movements tracked by an HMD).

Is it possible that active engagement within the virtual en-
vironment might confer benefits to memory performance
when compared with subjects with lower levels of virtual
engagement? On the surface, this intuition seems reasonable.
Indeed, the well-documented enactment effect has demon-
strated that participants who perform a certain action (e.g.,
Bmove the cup^) are more likely to recall the event relative
to subjects who merely listened to the action phrase being
uttered. Moreover, the enactment effect occurs even in the
absence of the physical object being referenced, meaning that
subjects enjoy enhanced memory even when merely
pretending to interact with the object being referenced.
Finally, subjects tend to remember actions better when they
personally carry out the task than when they passively observe
the experimenter doing the same task—in short, an advantage
of self-performed tasks over experimenter-performed tasks
(for a brief overview of the previously mentioned
characteristics of the enactment effect, see Engelkamp &
Zimmer, 1989). Considering these findings, it is possible that
similar effects favoring subject interactivity may occur in VR
settings, particularly when subjects are allowed increased con-
trol over how they interact with the virtual environment.

Benefits of interaction in VR

To assess the potential impact of object manipulation onmem-
ory for stimuli within virtual environments, James et al.
(2002) created a set of objects that subjects viewed in a Sim-
VR environment (a CAVE producing stereoscopic images).

During study, subjects viewed half of the objects with active
control over the rotation of the image and the other half with
the image rotating on its own. During the subsequent old/new
recognition test, stationary images of each object were pre-
sented in the CAVE from four different viewpoints, and sub-
jects were instructed to indicate—as quickly as possible—
whether each object was previously studied. Results indicated
that subjects recognized old items significantly faster when
they were studied actively. However, although the speed of
recognition was improved in the active condition, the
accuracy of recognition was comparable regardless of how
an object was studied.

The previous outcome suggests no additional benefit of
item-recognition accuracy when the viewpoint of an object
is directly manipulated by the subject. However, real-life ob-
jects are seldom observed in total isolation, but rather in the
context of an environment that likely has various stimuli vis-
ible at any given point as one walks from place to place. As
such, might active navigation through a more naturalistic vir-
tual environment enhance memory relative to a passive obser-
vation of scenery as one moves through a preprogrammed
route? Hahm et al. (2007) created a virtual environment
consisting of four rooms that were each filled with 15 unique
objects. Using a Headset-VR system, subjects either actively
navigated around the rooms (using a keyboard) or passively
watched as they were moved around the rooms automatically.
Accuracy on the old/new recognition task for studied objects
was significantly better for subjects who actively explored the
rooms, revealing a mnemonic benefit of increased VR inter-
activity. This basic outcome was later replicated in a similar
study by Sauzéon et al. (2012) using Desktop-VR, yet again
revealing increased recognition accuracy for objects in the
active navigation condition.

Benefits of active interaction in a virtual environment have
also been found in applied research. Jang, Vitale, Jyung, and
Black (2017) studied the impact of interactive virtual training
amongmedical students studying the anatomy of the inner ear.
The specialized Sim-VR apparatus was equipped with a ste-
reoscopic visual display and a free-moving joystick (i.e., one
not mounted to a stationary surface) that allowed the user to
rotate and zoom in on the virtual model of the inner ear and
observe the anatomical substructures contained within.
Subjects were instructed to study the physical and spatial con-
figuration of the virtual model through either active manipu-
lation or a passive observation in which the 3-D model was
moved Bon its own.^ Unbeknownst to subjects was the fact
that the videos viewed in the passive group were generated by
subjects in the active group. This feature allowed for a
matched-pairs design to ensure that subjects between condi-
tions were observing the same visual information. At test,
subjects were provided with several 2-D images of the inner
ear from various perspectives with critical substructures miss-
ing in each image (e.g., the semicircular canals). Subjects were
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then tasked with drawing each substructure in its correct
location and shape from a given perspective. An analysis of
the drawings revealed that subjects in the active condition
were more accurate in the angle, size, and placement of the
substructures, revealing a benefit to spatial memory
performance. The results from Jang et al. (2017) suggest that
the benefit of actively interfacing with a virtual environment is
not unique to object recognition, but may extend to spatial
properties of memory as well.

Limitations on the benefits of interactivity in VR

Despite several studies that indicate a general benefit of active
VR interaction on memory performance, this finding is not
universal. Sandamas and Foreman (2003) created a Desktop-
VR task in which subjects actively or passively navigated
throughout a room containing several objects. Later, memory
for the location of each item was tested by subjects marking
the spot of each object on a blueprint of the previously ex-
plored room. The location of one of the objects was marked
before assessment in order to give subjects a point of refer-
ence. Subjects who actively navigated the environment had no
better memory for the spatial arrangement of objects than
those who passively observed movement through the room.
Other null effects of VR interactivity on memory have been
observed as well. Gaunet, Vidal, Kemeny, and Berthoz (2001)
created a low-immersion Sim-VR apparatus in which subjects
actively or passively traveled through a city with the experi-
menter instructing the subject when and where to turn. At the
end of the route, spatial memory was assessed by asking sub-
jects to Bpoint^ toward the direction that the route began using
the joystick. Spatial memory was also assessed via a route-
drawing task where subjects used a pen to indicate the path
they traveled on a map. In both cases, no difference in spatial
performance existed between groups. Moreover, a scene-
recognition task assessed each subject’s memory for whether
a given image (e.g., a view of a particular intersection) was
observed on the route. This assessment also failed to reveal an
effect of interaction; therefore, the mnemonic benefits of ac-
tive navigation were absent for both the spatial and featural
characteristics of the route traveled in VR.

Some researchers have proposed that the benefits of active
interaction in a VR setting might be more likely when
recalling the overall spatial layout of the navigated environ-
ment as opposed to the recognition and/or localization of spe-
cific items within said environment. Indeed, when Brooks
et al. (1999) tested subjects after navigating through a series
of interconnected rooms in Desktop-VR, memory for the ob-
jects and their location was equivalent for the passive and
active conditions. However, prior to these assessments, sub-
jects were first instructed to draw the layout of the rooms
(including doorways and passages) shortly after navigation
took place. Accuracy of these drawings was determined by a

previously established scoring system and rated by judges
who were blind to each subject’s condition. Results revealed
a significant benefit in spatial recall performance for subjects
in the active navigation condition. This outcome is consistent
with a Desktop-VR study by Attree et al. (1996), who also
found a significant benefit of active navigation on memory for
the spatial layout of a set of rooms, but not for the recall or
localization of objects contained within the rooms. More re-
cently, Wallet et al. (2011) observed a benefit of active navi-
gation on a subject’s ability to draw a recreation of the route
that was previously navigated in a simple Sim-VR setup (i.e.,
a large projector screen and joystick); a finding that directly
contrasts with Gaunet et al. (2001). Interestingly, when sub-
jects were later instructed to chronologically sort a series of
images taken along the route, a negative effect of navigation
was observed such that passive subjects performed better than
active subjects.

Possible interactions between sensory and interactive
immersion

Clearly, there are a wide variety of outcomes from studies
assessing the impact of active navigation on episodic memory
performance inVR.Whatmight explain these discrepant results?
One possible explanation lies in the relative levels of sensory
immersion provided by the apparatuses in these studies. Most
of the experiments described above that found no memory ben-
efits in active navigation employed comparatively low-
immersion VR systems, with the exception of the CAVE study
by James et al. (2002), whose experiment still produced an im-
provement in recognition speed resulting from interaction with
the virtual environment. The study by Wallet et al. (2011) pro-
vides a more direct glimpse into the possible interaction of sen-
sory immersion (high vs. low visual detail) and interactivity (ac-
tive vs. passive) on memory performance in a large-screen Sim-
VR system. Interestingly, the researchers found an interaction on
the spatial route-mapping task, with subjects in the active condi-
tion doing significantly better in an environment with high visual
detail. Moreover, environments with low visual detail resulted in
a negative effect of active navigation on the ability to chronolog-
ically sort images of scenes from the route.

In short, this outcome from Wallet et al. (2011) suggests that
enhanced sensory immersion (in this case via visual fidelity) may
increase the likelihood of an active navigation benefit for spatial
memory and potentially stabilize any reduction in item memory
performance relative to passive observers. Although this manip-
ulation of immersion is not perfectly analogous to the variation in
immersiveness across different VR apparatuses, the result raises
questions about how different properties of sensory immersion
might interact with a user’s level of interactive immersion within
a virtual environment. Indeed, research comparing recognition
memory for objects encountered on a virtually traveled route
betweenHeadset-VR and a group that passively watched a video
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of the same route (on a large 2-D screen) has shown a clear
advantage of scene recognition accuracy for the Headset-VR
group (Schöne et al., 2017). However, in this study it is not
possible to disentangle whether the boost in recognition memory
was due to the increased interactivity allowed by Headset-VR
(i.e., head-tracking that allowed the user to control where they
looked in the environment) or instead was caused by the in-
creased sensory immersion allowed by the HMD apparatus.

When Ruddle et al. (2011) compared the effects of interactive
fidelity within the same apparatus, subjects used Headset-VR to
navigate an environment either by using a joystick while remain-
ing physically stationary (low-interaction fidelity) or by physical-
ly walking around a large roomwith the movements tracked and
translated into the virtual environment (high-interaction fidelity).
Considering the demonstrated impact of basic postural configu-
ration (e.g., sitting vs. standing) on cognitive processes even in
more conventional non-VR experimental tasks (such as the
Stroop effect; see Rosenbaum, Mama, & Algom, 2017), the
importance of accounting for how the physical components of
VR interactivity might affect memory performance is readily
apparent. In this study, higher interaction fidelity resulted in im-
proved performance on both item-recognition and a chronologi-
cal picture-sorting tasks, but not on a route-sketch-mapping task.
However, there was no passive condition for comparison, which,
if included, may have equaled or surpassed the item memory
performance of active conditions according to other experiments
(e.g., Attree et al., 1996) and would have also allowed for a
comparison of spatial memory performance between active and
passive groups. Mania, Troscianko, Hawkes, and Chalmers
(2003) similarly sought to compare memory performance be-
tween systems with differing levels of interactive (and sensory)
fidelity, including Desktop-VR, variations of Headset-VR with
and without head-tracking, and even a group that studied an
analogous environment created in real life. In this study, rather
than navigating throughout the virtual environment, subjects in-
stead looked around a single object-filled room from a stationary
location. As with Ruddle et al. (2011), variations in interactive
fidelity had no bearing on spatial memory performance (opera-
tionalized in this study as memory for the locations of previously
studied objects). However, again, no passive condition was in-
cluded for comparison, nor was an assessment of item memory
included. Clearly, a more comprehensive and systematic assess-
ment of the possible interaction between sensory and interactive
immersion on memory performance will require the inclusion of
a passive (noninteractive) condition, thereby also allowing for
more direct comparisons with the extant literature on active and
passive VR experiences.

The volitional and motoric components of VR
interactivity

How else might one explain some of the variable episodic
memory performance from experiments testing active and

passive interaction within a virtual environment? Perhaps some
of this discrepancy is due to a lack of clarity regarding which
aspect of interactivity subjects are given control of in VR.
Although seldom teased apart, there are actually two distinct
components that contribute to a subject’s interactions within a
virtual environment: the volitional component, which allows a
subject to choose how to interact with the environment, and the
motoric component, in which subjects physically carry out that
interaction via the VR system’s input device(s). Is it possible
that these two components contribute differently to memory
outcomes associated with active conditions?

To directly test the separable influences of motoric and
volitional control during navigation of a virtual environment,
Plancher, Barra, Orriols, and Piolino (2013) created three con-
ditions for how subjects navigated a series of roads. Subjects
with volitional control instructed the experimenter on which
way to turn the car at intersections; subjects with motoric con-
trol drove the car themselves, based on the experimenter’s nav-
igational directions; and passive subjects were simply passen-
gers in the car, observing the environment as it passed by. The
Sim-VR apparatus was characterized by a large screen that
included a view of the interior of the car from a first-person
perspective. Additionally, the input devices included a physical
steering wheel, accelerator, and brake pedal, resulting in a
higher degree of interactive fidelity than driving simulations
using more generalized devices such as joysticks or game con-
trollers. To ensure that all subjects viewed the same scenes
along the route, the virtual world was constructed to be
completely symmetrical, such that the critical objects and their
spatial layouts in the scene were identical regardless of which
way subjects turned at intersections. During retrieval, subjects
were required to complete several tasks assessing memory for
the objects they saw and their relative locations in the scenes
along the route. Item recognition for the previously observed
objects was better among subjects with volitional control than
for subjects with motoric control—in fact, even the passive
condition outperformed the motoric control condition on this
task. In contrast, spatial memory for the location of objects was
equivalent between subjects with motoric and volitional con-
trol, with both versions of the active condition outperforming
the passive group on visuospatial memory tasks.

A later study by Jebara, Orriols, Zaoui, Berthoz, and
Piolino (2014) used a nearly identical VR apparatus and vir-
tual environment, but instead created two separate conditions
with motoric control. These conditions varied in how much
physical interaction was necessary, with one group choosing
only the speed at which the route was observed by using the
accelerator and brakes (but not turning the steering wheel),
and the other group using both the steering wheel and pedals
as in Plancher et al. (2013). These conditions were included to
determine whether increasing or decreasing motoric control
might produce different memory outcomes. Briefly, high-
motoric control led to worse item memory than both low-
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motoric control and volitional control did, and visuospatial
memory was equivalent for volitional and low-motor control
(which were both superior to the high-motor control and pas-
sive conditions). In short, increased motor control resulted in
worse episodic memory, which the authors suggest may be
due to the increased burden on cognitive resources resulting
from increased motoric engagement.

In general, the results of Plancher et al. (2013) and Jebara
et al. (2014) indicate that the influence of VR interaction on
memorymay not be simply due to the occurrence of interaction
but may vary depending the component (i.e., volitional or mo-
toric) and degree (e.g., high-motor or low-motor control) of the
interaction being considered. However, it should be noted that
neither of these studies included a condition in which subjects
are given both motoric and volitional control over their inter-
actionwith the virtual environment.Without such a condition, it
is difficult to predict how the simultaneous inclusion of both
properties of interaction directly compares with each property
individually. For instance, if both volitional and motoric control
individually benefit episodic memory, what might happen if
subjects have control over both of these interactive compo-
nents? Including both components of control also helps to sit-
uate this research in the general context of interactivity effects in
VR as most experiments do not make this subtle distinction
(typically allowing subjects in the active condition both motoric
and volitional control over their navigation).

To explore this question, Chrastil and Warren (2015) cre-
ated a virtual maze that subjects navigated with a Headset-VR
apparatus. Subjects were divided into four conditions: (1) a
passive condition (where subjects simply viewed a video of
maze navigation from a stationary position); (2) a motoric
control condition (where subjects physically walked around
to navigate the maze, but were guided by an experimenter); (3)
a volitional control condition (where subjects were allowed to
choose how to navigate the maze by using arrows on a key-
board, but not by actually walking)6; and (4) a combined con-
trol condition (where subjects exercised both motoric and vo-
litional control to freely walk around the environment).
Briefly, the results of several spatial memory tasks indicated
that volitional and motoric control might differentially con-
tribute to distinct properties of spatial learning. Specifically,
the volitional component was found to be more critical for the
acquisition of graph knowledge (e.g., learning the spatial re-
lationships connecting different locations in the maze such as
landmarks and junctions), whereas motoric engagement con-
tributed to survey knowledge (e.g., a more holistic Bmap-like^
knowledge of the maze’s layout and components).

Additionally, subjects with bothmotoric and volitional control
often performed better than when only one component of
interaction was present, suggesting the possibility of an addi-
tive benefit for spatial memory.

Evidence from neuroimaging also seems to corroborate the
notion that different components of navigation might uniquely
contribute to performance depending on the type of spatial
memory task being used. Hartley, Maguire, Spiers, and
Burgess (2003) incorporated a Desktop-VR navigational task
into an fMRI scanner to observe neural activity when subjects
engaged in two distinct navigational tasks. Before scanning,
subjects navigated virtual towns under two conditions: free
exploration in Town 1 (where subjects were given both voli-
tional and motoric control over their navigation), or guided
exploration in Town 2 (where subjects controlled their virtual
movement but were explicitly instructed on how to navigate in
order to learn specific preestablished routes). During test, sub-
jects completed wayfinding (Town 1) and route-following
(Town 2) tasks while in the scanner. Successful navigation
resulted in differential levels of activation for distinct neural
substrates depending on the conditions of the spatial memory
task. In particular, a successful way-finding task was associ-
ated with increased hippocampal and parahippocampal activ-
ity, whereas the route-following task more strongly engaged
regions such as the right caudate nucleus, motor and premotor
cortices, and the supplementary motor area. Thus, when com-
pared with wayfinding, the authors concluded that route
knowledge seemed to predominantly rely upon an action-
based representation of route navigation with a relative reduc-
tion in demand for cognitive resources associated with more
general characteristics of spatial processing.

Other considerations of VR interactivity

There are certainly many situations in which increasing inter-
active immersion in VR can strengthen aspects of memory
performance, but this enhancement is clearly not universal.
As detailed above, mnemonic benefits associated with inter-
activity may be constrained by various factors. Such factors
include the degree of interactive fidelity (i.e., how closely the
interaction with the VR system matches the real-world action
being simulated), whether the subject is exercising volitional
or motoric control (or both), and which aspect of memory is
being evaluated by the behavioral assessment (e.g., itemmem-
ory vs. spatial memory). However, while a consideration of
these features can help to contextualize the results of a given
study (e.g., by acknowledging the difference in cognitive de-
mands associated with the volitional and motoric components
of interactivity), a clear pattern of results across the literature is
still quite difficult to conclusively discern. As such, an account
of other factors that might influence the results or interpreta-
tion of experiments on VR interactivity is worthwhile and

6 Although the volitional control condition in this study did not experience the
proprioceptive or vestibular sensorimotor properties associatedwith physically
walking around the maze, it is worth briefly noting that this condition still
contained a directionally relevant motoric component (albeit comparatively
rudimentary), and thus was technically not completely devoid of motoric
interaction.
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should serve to better equip researchers seeking to further
investigate this topic.

One possible contributor to the ambiguity in this area of
research is terminological in origin. Specifically, when inter-
active fidelity is experimentally manipulated. it may be tempt-
ing for researchers to classify their conditions as high fidelity
and low fidelity for the sake of direct comparison. Although
this is a fair characterization in a relative sense (after all, in any
particular experiment one condition can be more interactively
immersive than the other), one must be cautious to avoid
overgeneralizing results attached to these labels as being rep-
resentative of the full spectrum of interactive fidelity. For in-
stance, consider that an input device that is considered Blow
fidelity^ in one study might be classified as Bhigh fidelity^ in
another study simply by virtue of how its features compare
with some other interactive condition included in the experi-
ment. To address this issue, the Framework for Interaction
Fidelity Analysis (or FIFA) was designed as a method to eval-
uate interactive fidelity more objectively (see McMahan, Lai,
& Pal, 2016). Although not developed for memory research,
FIFA has provided a framework to more reliably evaluate
trends across studies of interactive immersion. Indeed, an in-
teresting pattern seems to be emerging whereby certain as-
pects of user performance (e.g., navigational efficiency and
accuracy) in medium-fidelity conditions is actually worse than
both high-fidelity and low-fidelity conditions, resulting in a
U-shaped relationship between interactive fidelity and user
performance (e.g., Nabiyouni, Saktheeswaran, Bowman, &
Karanth, 2015; for review, see McMahan et al., 2016). It is
possible that this unintuitive trend may have ramifications for
memory research as well—for instance, increased navigation-
al difficulty with medium-fidelity devices may potentially be
impeding effective encoding by increasing the cognitive load
of subjects in this condition. If one were to consider such a
device as the Bhigh-fidelity^ condition in a given experiment,
one might conclude that increased interactive fidelity does not
enhance memory when, in actuality, the broader relationship
between these concepts may simply be nonlinear. This obser-
vation illustrates the potential value of appraising the interac-
tive fidelity of conditions from a single experiment within the
wider spectrum of interactive immersion. Consequently, this
suggests that future memory research in this area may benefit
from attempts to develop and incorporate a system designed to
evaluate and label the construct of interactive fidelity in a
more experimentally independent manner.

Research on the topic of VR interactivity may also be in-
fluenced by properties of experimental design. Experiments
commonly feature manipulations of VR interaction between
subjects, but within-subjects designs are less frequently used
and comparatively understudied (e.g., James et al., 2002).
This point merits consideration because design effects are
known to influence various memory phenomena.With respect
to action memory, the enactment effect tends to be more

robust in the context of within-subjects designs than in
between-subjects designs (Engelkamp & Dehn, 2000;
Steffens, Buchner, & Wender, 2003; see also Peterson &
Mulligan, 2010). Given the conceptual similarity between
studies of enactment and investigations of interactivity in vir-
tual environments, it is possible that the frequent usage of
between-subjects designs in this domain could be dampening
the effects of VR interaction on memory. Consequently, fea-
tures of experimental design might be contributing to the ob-
served discrepancies in results across studies on this topic and
should thus be considered in future research.

Other noteworthy variations exist between studies on the
subject of VR interactivity as well. For instance, some studies
involve interaction from a stationary position, whereas others
require virtual locomotion throughout the environment.
Likewise, experiments differ in terms of whether interaction
is characterized by a subject’s movement (of the head or body)
in virtual space, or whether it involves the direct manipulation
of individual objects in this space (e.g., picking up and/or
rotating an object to inspect it). Most experiments also gener-
ally assess performance from intentional encoding tasks, with
incidental encoding being comparatively underresearched
with respect to this topic. Based on the various outcomes from
current research, there is clearly a lot of work still needed to
definitively determine what sorts of benefits may be provided
by interaction with a virtual environment and what specific
properties of memory (e.g., item memory or spatial memory)
might enjoy this enhancement.

The Breality^ of virtual reality: Transfer effects
and comparing VR with real-life training

One of the great potential benefits of VR is the ability to create
a theoretically infinite number of ecologically valid scenarios
in a controlled setting. As such, their potential for use in train-
ing applications has been of great interest, particularly in fields
where comparable real-life environments would be too expen-
sive or difficult to create. Such programs also offer the pros-
pect of learning tasks in a less risky environment, such as
surgeons learning to operate in VR before an operation on a
human. Despite these potential benefits, the utility of VR
training in such settings depends entirely upon the effective
transfer of learning from the VR setting to the real-world en-
vironment being simulated. Without the transfer of learning,
training in VR would only be useful if retrieval also takes
place in VR. If that is the case, VR may prove to be an inef-
ficient use of time relative to live training in the real world. To
that end, it is important to study transfer effects in the context
of VR training. Moreover, even assuming that this transfer
occurs, one should also still compare levels of performance
between subjects learning in VR and those learning the same
task in real life. After all, even if learning transfers from VR,
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performance will not necessarily be comparable with real-life
training. As such, basic research geared toward identifying
and reducing gaps in performance between these two modes
of learning (and understanding why such gaps exist in the first
place) is critical tomaximizing the potential utility of VR as an
instructional tool.

Transfer from VR to the real world

Many studies that have inspected the general transfer of learn-
ing from VR to real life have successfully demonstrated that
information observed initially in a virtual environment can be
reliably assessed in an analogous real-life environment. Recall
the Sim-VR (CAVE) study by Ragan et al. (2010), in which
subjects learned a procedural task with objects moving around
the environment in an ordered sequence. After the study phase,
subjects were assessed on their memory for the sequence in
both the CAVE setup as well as in a room adjacent to the
CAVE that served as its real-life counterpart. The testing envi-
ronment had no effect on either the speed or the accuracy of
recalling the steps of the learned procedures. This result dem-
onstrates that information encoded in VR does not exclusively
enhance memory performance for tasks that are later retrieved
in VR, but instead extends to real environments as well.

Transfer of learning can even take place with virtual envi-
ronments that do not train a subject on the specific task that
they will later have to replicate in the real world. In a study by
Connors et al. (2014), researchers created an audio-only
Desktop-VR environment to test whether transfer of spatial
information could occur for subjects who are blind. As most
studies of spatial navigation in VR contain visual information
as the primary modality for conveying the layout of a virtual
environment, this study is a noteworthy methodological de-
parture that allowed the authors to assess if spatial learning in
VR is a vision-dependent phenomenon. Moreover, the re-
searchers had subjects learn the layout of the virtual environ-
ment in one of two ways: either through training on
preselected routes or through a ludic (i.e., game-based) ap-
proach in which the subjects freely navigated the environment
with the goal of collecting jewels and avoiding monsters who
threatened to steal them. After the study phase, subjects were
tested on their ability to navigate a series of routes not explic-
itly taught during training. These navigation tasks were com-
pleted first in the virtual environment and then inside the
physical building after which the virtual environment was
modeled. Subjects who trained in the virtual environment
were able to successfully navigate these routes with compara-
ble accuracy in both VR and in the actual building, thus dem-
onstrating a transfer of spatial learning from VR to real life.
Furthermore, results indicated that the spatial accuracy and
navigation speed of subjects who trained with the ludic ver-
sion of the virtual environment was generally comparable with
(and occasionally superior to) the performance of subjects

who were taught specific routes during the study phase.
These results not only demonstrate a transfer effect in a non-
visual modality but also highlight the potential utility of using
an undirected ludic-based strategy in VR learning tasks (as
such an approach might be more interesting to learners and
potentially just as useful for the transfer of knowledge to the
real world).

Real-life versus VR training

Although studies such as those described above lend support
to the notion that VR training can transfer to tasks completed
in real life, they do not indicate how training in VR compares
with real-life training. Understanding this comparison is key
to determining the comparative utility of virtual and real-
world training. Performance comparisons between VR and
real-life learning tasks are variable, but in a number of cases
real-life training outperforms learning that occurs in a virtual
environment. For instance, Flannery andWalles (2003) placed
subjects in either a virtual7 or real-life office and later assessed
their item recognition for objects that were seen in the envi-
ronment (subjects were not explicitly instructed to study the
environment). Subsequent item-recognition scores were sig-
nificantly higher for subjects who observed the real-life office,
indicating a relative disadvantage for virtual learning.
Similarly, Hoffman, Garcia-Palacios, Thomas, and Schmidt
(2001) had subjects touch a series of objects both in real life
and in Headset-VR. In the Headset-VR condition, the location
of the hands relative to the virtual object was tracked, but there
was no tactile feedback. Again, item-recognition performance
was superior for subjects who interacted with the objects in
real life.

The advantage of real-life training also occurs in assess-
ments of spatial memory. Waller, Hunt, and Knapp (1998)
created a virtual maze containing several objects in varying
locations. Subjects studied the environment either by navigat-
ing in a real-life maze, using Desktop-VR, using Headset-VR,
or by studying the layout of the maze on a map. At test,
subjects were instructed to navigate between two items seen
in the maze as quickly as possible. This task occurred several
times, with the maze slightly altered each time. The real-life
condition outperformed all others, with retrieval performance
for all forms of VR learning statistically equivalent to map-
based learning. The only exception to this pattern occurred
when Headset-VR subjects were given a significant amount
of extra initial study time (5 minutes, compared with the 1
minute allowed in the real-life condition), indicating a clear
superiority in the efficiency of real-life navigation. This

7 Unfortunately, the authors do not specify the nature of this apparatus except
to say that it was created using BSuperScape technology.^ Therefore, it cannot
be classified in accordance with the conventions established earlier in this
review.
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general result has been demonstrated more recently in a study
of Desktop-VR as well. After subjects walked along a route in
either Desktop-VR or real life, van der Ham, Faber, Venselaar,
van Kreveld, and Löffler (2015) gave the subjects a set of
several memory tests. While in this instance there was no
significant benefit of real-life training on item recognition,
two measures of spatial learning (drawing the route and
pointing to the origin of the path from a fixed location) again
revealed superior performance for the subjects who trained in
the physical version of the environment. Although equivalent
memory performance between VR and real-life training also
occurs (e.g., Lloyd, Persaud, & Powell, 2009), in many in-
stances there is a clear mnemonic benefit to studying a real-life
environment.

What might explain this frequently observed gap in learn-
ing efficiency? Neuroimaging research provides a glimpse
into how mnemonically critical brain activity might vary with
respect to real-world and VR versions of a given environment.
Research using rodents seems particularly useful in this re-
gard, as it allows for the placement of recording electrodes
to directly compare neural activity between these two condi-
tions when engaged in full-scale versions of a selected task.
Using specialized miniature VR systems, researchers have
found that activity in the entorhinal–hippocampal system dur-
ing navigational tasks is, in many ways, similar to how these
regions activate within analogous real-world settings (Aronov
& Tank, 2014). However, there are some qualitative distinc-
tions between these conditions, such as broader spatial tuning
of neurons within these regions (Chen, King, Lu, Y., Cacucci,
& Burgess, 2018). Likewise, there are quantitative differences
in neural activity between real and virtual settings, with a
relative reduction in hippocampal activation observed within
virtual environments (Aghajan et al., 2015). Considering the
broad and well-documented relationship between hippocam-
pal activation and memory (for review, see Burgess, Maguire,
& O’Keefe, 2002), it seems reasonable to conclude that the
neurological variations observed between VR and real-world
conditions are a vital component underlying the frequently
observed superiority of real-life training.

The impact of immersion on successful transfer

Earlier in this review, the mnemonic benefits that are
frequently—though not always—associated with increased
sensory and interactive immersion were discussed in detail.
Although it may seem strange, one might consider real life as
being the Bupper limit^ of immersion, with all forms of VR
exhibiting less immersiveness by varying degrees. If so, could
reducing the gap in immersion between real-life and VR like-
wise reduce the gap in episodic memory performance? After
all, the previously discussed study by Wallet et al. (2011)
showed that transfer of spatial knowledge from VR to a real-
life way-finding task was more pronounced when sensory

immersion was increased, so, might such benefits be sufficient
to equalize performance between VR and real-world encoding?

One way to assess this question is by looking at apparatuses
with relatively higher degrees of sensory immersiveness. One
such study was conducted byRodrigues, Sauzéon,Wallet, and
N’Kaoua (2010), which used a Sim-VR apparatus featuring a
panoramic screen and ambient auditory stimuli that were
closely matched with the real-life environment that subjects
were later tested in (i.e., common urban sounds). Subjects
learned a specified route either in real life or in the virtual
environment and were later tested on both their spatial mem-
ory and their memory for the chronological sequence of sev-
eral scenes that occurred along the route. Performance be-
tween subjects studying in either learning environment was
equivalent when sketching out the route and when sequencing
the pictures of scenes along the route (which were photo-
graphs of the real-life environment). However, real-life train-
ing still produced superior performance on the way-finding
task, and this benefit was even more pronounced after a 7-
day delay between study and retrieval. How else might one
close the immersion gap for reality and VR? Perhaps
unintuitively, instead of increasing the sensory fidelity of
VR one might alternatively attempt to decrease the sensory
fidelity of real-life training. Mania et al. (2003) compared real-
life learning with Desktop-VR and several variations of
Headset-VR (with or without head-tracking and with or with-
out stereoscopic vision). However, in this study, subjects in
the real-life condition wore custom-made goggles designed to
drastically reduce the field of view to the point that it was
roughly comparable with that of the VR conditions. As a
result, spatial memory (as measured by an object-
localization task) was no better for the real-life condition than
it was for any of the VR conditions.

Instead of attempting to minimize the difference in sensory
fidelity between reality and VR, one might alternatively seek
to close the gap in interactive fidelity, which also contributes
to the immersiveness of a VR apparatus. Larrue et al. (2014)
created a Sim-VR system that featured a large screen and one
of three different input mechanisms to control subjects’move-
ments throughout the environment: (1) a joystick, (2) a tread-
mill with head tracking that allowed for rotational control of
their point of view while physically walking along the path,
and (3) a treadmill condition without rotational control.
Subjects in all three conditions learned a route within a virtual
city and were compared with a separate group who learned the
same route in the analogous real-world environment. Several
assessments of spatial memory, including a real-life way-find-
ing task, revealed statistically equivalent levels of perfor-
mance for the real-life and treadmill with rotational control
conditions, whereas the conditions with lower interactive fi-
delity were frequently associated with poorer performance. As
such, the interactive VR condition with the input mechanism
that most closely resembled real-life produced memory
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performance that most closely matched that of real life. Put
another way, a reduced gap in interactive fidelity was similarly
associated with a reduced gap in spatial memory performance.

There are exceptions to this pattern, with equivalent perfor-
mance between Desktop-VR and real-life training despite the
relatively low level of virtual immersion (Lloyd et al., 2009),
even in instances where Headset-VR fails to match this level
of memory performance (Mania & Chalmers, 2001).
Nevertheless, the potential for increased levels of immersion
to similarly improve the quality of learning produced while
engaging with virtual environments is promising and merits
further inspection. Indeed, recent advances in VR technology
continue to increase the immersive potential of VR apparatus-
es and may similarly continue to reduce the immersion gap
between reality and VR to the point that the two environments
become nearly indistinguishable. Therefore, understanding
whether this advancement in technological capability is asso-
ciated with comparable increases in the potential for encoding
information in virtual environments will be critical for evalu-
ating the role of VR training for future instructors, both in
academia as well as industry.

Feeling like you are really there: The concept
of presence in virtual reality

At this point, a great deal of consideration has been given to the
concept of immersion and how in many instances memory for
information learned in more immersive environments exceeds
the learning produced by comparatively less immersive envi-
ronments. However, one might reasonably question the degree
to which this enhancement in memory might be due to immer-
sion itself (i.e., some beneficial property inherently tied to the
sensorimotor characteristics of more immersive VR settings) as
opposed to some mediating psychological factor that is itself
influenced by immersion. If the latter, what psychological factor
might be sensitive to manipulations of immersion?

To answer this, many VR researchers would likely point to
presence, a concept that refers to the subjective sense that the
user has actually been mentally transported into the virtual
environment. This is sometimes described as the feeling of
Bbeing there^ subjects experience in VR (for review, see
Nash, Edwards, Thompson, & Barfield, 2000; see also
Lessiter, Freeman, Keogh, & Davidoff, 2001). In general,
subjects engaging with more immersive VR systems tend to
experience a heightened sense of presence (e.g., North &
North, 2016). In fact, the closely interrelated nature of these
concepts often results in researchers using the terms presence
and immersion interchangeably, thus illustrating a tacit as-
sumption about the relationship between these concepts (see
Wilson & Soranzo, 2015). However, it is important to explic-
itly note how these terms differ. In short, the immersiveness of
an environment is determined by objective characteristics of

the VR system (e.g., visual detail, field of view), whereas
presence refers to the subjectivemental response to immersion
(which causes a subject to feel more or less Btransported^ to
the virtual environment; see Slater, 2003).

Presence and memory

What cognitive processes are associated with increased pres-
ence, and why might these factors benefit memory perfor-
mance? Presence is typically thought of as a multidimensional
construct, with several factors (e.g., enjoyment, emotional en-
gagement, naturalness of the virtual setting) all contributing to
the overall sense of mental transportation to the virtual envi-
ronment (see Lessiter et al., 2001). With respect to episodic
memory, perhaps the most critical cognitive mechanism un-
derlying presence is attentional engagement with the virtual
environment. Witmer and Singer (1998) suggest that one’s
attention when using a VR system is always divided between
the virtual setting and the real world, and that presence is (in
part) a function of how much of your attentional capacity is
specifically directed toward the virtual environment (see also
Darken, Bernatovich, Lawson, & Peterson, 1999). Evidence
from neuroimaging supports this view, with increased pres-
ence eliciting heightened activity from frontoparietal ERP
components typically associated with the allocation of atten-
tional resources (Kober & Neuper, 2012).

If presence is in fact related to attentional selection, what
does this suggest about memory effects? On the surface it
seems like increased attention toward the virtual environment
should be helpful for encoding information displayed within a
virtual environment. A common finding in the (nonvirtual)
cognitive literature is that distraction during encoding typical-
ly impairs subsequent memory performance (for review, see
Mulligan, 2008). As such, it stands to reason that a reduction
in distraction by the external world (presumably reflected by
an increase in the feeling of presence in the virtual world)
should lead to improved learning outcomes. Indeed, this was
this case in a Sim-VR (CAVE-like) study by Lin, Duh, Parker,
Abi-Rached, and Furness (2002), which found that increasing
immersion (via heightened field of view) increased both pres-
ence ratings and memory for objects, ultimately resulting in a
positive correlation between presence and memory.

Despite the fairly intuitive nature of this account, there is
reason to suspect that increased presence will not necessarily
be beneficial for memory performance in all situations (e.g.,
Buttussi & Chittaro, 2018). Consider that manipulations that
make an environment more immersive may also introduce
additional task-irrelevant information. For instance, introduc-
ing ambient sounds increases immersion (and presumably
presence), but could including this audio be distracting for a
visual memory task (e.g., object memory) relative to a condi-
tion without any sound? In other words, could certain manip-
ulations of immersion that increase presence fail to enhance

1228 Psychon Bull Rev (2019) 26:1213–1237



(or perhaps even impair) memory? Evidence on this point is
mixed. Dinh et al. (1999) found that introducing ambient au-
ditory cues resulted in increased levels of presence but had no
effect on memory performance, suggesting that presence and
memory may not necessarily be associated with one another.
In contrast, Davis et al. (1999) found that including ambient
audio enhanced both presence and source memory
performance. However, it is worth noting that Davis et al.
(1999) did not report any difference between immersion con-
ditions in free-recall performance for object memory, suggest-
ing that the audio cues may only have been helpful inasmuch
as they provided distinctive cues that were useful in later es-
tablishing the source of where objects were initially observed.

These findings raise the question of whether increased pres-
ence should be expected to generally improve memory of a
virtual environment, or if this benefit would only occur in in-
stances where the manipulation of immersion affects elements
of the environment that are directly relevant in the subsequent
memory assessment. If the latter, the presence-driven benefit of
selectively attending to the virtual environment (at the expense
of attending to the real-life physical environment) may be mit-
igated by the distracting task-irrelevant nature of elements that
were included to increase immersion (and presence) in the first
place. Put another way, increased presence resulting from task-
irrelevant manipulations of immersion might simply substitute
divided attention between real and virtual environments with
divided attention within the virtual environment itself, thus
resulting in a null effect on memory performance.

Measuring presence

Unlike immersion, presence is not an inherent property of the
VR apparatus itself and thus cannot be assessed by simply
accounting for the technological features of the VR apparatus
and/or its displayed environment. How then is presence mea-
sured? Since the inception of VR research, a wide variety of
assessments have been developed that employ several tech-
niques to measure presence (for detailed compendia of
various presence metrics found in the literature, see Van
Baren, 2004; Youngblut, 2003; see also Laarni et al., 2015,
for review). A lack of consensus on which measure(s) of pres-
ence to employ in a given study has made cross-experimental
comparisons of results difficult within this body of research.
Attempts are being made to better standardize the
operationalization and measurement of this construct (e.g.,
Makransky, Lilleholt, & Aaby, 2017), but as of now there
remains a great deal of heterogeneity in the techniques
employed for research on presence.

Given that presence is an inherently subjective phenome-
non, it is perhaps unsurprising that the most common tech-
nique to measure it is likewise subjective. Specifically, ques-
tionnaires are typically employed that are designed to gauge
the degree to which a subject experienced mental

transportation to the virtual environment. Various question-
naires have been developed for this purpose: the Presence
Questionnaire (PQ; Witmer & Singer, 1998), the ITC Sense
of Presence Inventory (ITC-SOPI; Lessiter et al., 2001), the
Slater–Usoh–Steed (SUS) Questionnaire (Slater, Usoh, &
Steed, 1994), and many others. These subjective measures
are typically administered after the VR experience has con-
cluded (cf. IJsselsteijn, de Ridder, Hamberg, Bouwhuis, &
Freeman, 1998), and as such cannot provide a continuous
online measurement of presence. Indeed, it can be reasonably
concluded that administration of such an assessment during
the VR experience would necessarily reduce a user’s presence
by virtue of directing attention away from the virtual environ-
ment. Because of the temporal delay between the experience
of a presence-inducing event and its measurement, such as-
sessments might actually be better thought of as measuring
memory of presence. This observation suggests an interesting
potential link between research on VR presence and episodic
memory more broadly. For instance, the Memory
Characteristics Questionnaire (MCQ; M. K. Johnson, Foley,
Suengas, & Raye, 1988) was developed to quantify several
subjective characteristics of a subject’s memory for an auto-
biographical event. Upon inspection, many of the dimensions
measured by the MCQ (e.g., vividness, sensory details, spatial
knowledge, emotional arousal) seem to closely parallel char-
acteristics often measured by presence questionnaires. Even
though the MCQ was not developed for this purpose, it might
be inadvertently tapping into the construct of presence.
Although direct research will be necessary to better under-
stand the exact nature of this relationship, this observation
represents a possible bridge between VR research and conven-
tional episodic memory literature that could potentially yield
informative insights for both fields.

As an alternative to questionnaire-based assessments, some
researchers have opted to use objective assessments of pres-
ence based on psychophysiological measures like heart rate
(Dillon, Keogh, Freeman, & Davidoff, 2000; Rose & Chen,
2018), skin conductance (Meehan, Insko, Whitton, & Brooks,
2001), and facial EMG (Ravaja, 2002). Neural correlates of
presence have also been investigated via EEG (Kober &
Neuper, 2012; Schlögl, Slater, & Pfurtscheller, 2002) and
fMRI (Clemente et al., 2013; Jäncke, Cheetham, &
Baumgartner, 2009), typically revealing a trend whereby pres-
ence is associated with increased frontoparietal activation (see
Michailidis, Balaguer-Ballester, & He, 2018; but see
Bouchard et al., 2009, who suggest that presence might like-
wise be associated with activity in the parahippocampal cor-
tex). Others have attempted to use behavioral responses (e.g.,
postural changes or reflexive movements during VR expo-
sure) as a proxy for presence (e.g., Freeman, Avons, Meddis,
Pearson, & IJsselsteijn, 2000; Nichols, Haldane, & Wilson,
2000). These sorts of objective techniques do not require a
direct response from the subject and have the additional
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benefit of allowing for measurements of presence in real time
while subjects are interacting with the virtual environment.
However, there are downsides to these techniques as well,
such as the requirement of specialized equipment and training,
the constraints such equipment can put on the subject (e.g.,
potential restriction of movement), and the imperfect corre-
spondence between the selected physiological measurement
and more conventional subjective measurements of presence
(for discussion, see Laarni et al., 2015). Additionally, physio-
logical measures have the potential to be influenced by other
factors besides presence, thus potentially obscuring results. As
such, some researchers have proposed that physiological mea-
surements are best used in conjunction with subjective assess-
ments of presence, but not as a replacement (see Dillon,
Keogh, Freeman, & Davidoff, 2001).

Other considerations regarding presence

It is also important to note that immersion is not the only factor
that influences ratings of presence. Interpersonal variations in
reported presence can occur even within the same virtual en-
vironment, such that one subject’s experience of presence may
be measurably higher than another subject’s, even without a
corresponding variation in immersion (for discussion, see
Wilson & Soranzo, 2015; see also Slater, 2003). Likewise,
VR systems with varying levels of immersion could potential-
ly give rise to equivalent levels of presence between subjects.
As such, interpersonal variability in reported presence be-
tween subjects is a potential issue that should be accounted
for. How might one accomplish this? Witmer and Singer
(1998) developed the Immersive Tendencies Questionnaire
(ITQ) as a measure to quantify these interpersonal differences.
Researchers might choose to include the ITQ in their study to
ensure that variations in susceptibility to heightened levels of
presence between subjects can be statistically accounted for.
Alternatively, researchers may instead elect to use a within-
subjects design in their experiment, thus eliminating any po-
tential effects of interpersonal differences from the analysis
altogether. With this option, in addition to the general benefits
of increasing statistical power, researchers can enjoy a greater
degree of experimental control by isolating immersion (the
manipulated variable) as the primary factor influencing
presence.

Finally, it is worth briefly noting that the term presence (as
discussed in research on virtual technology) is conceptually
similar to the construct of narrative transportation discussed
in fields such as social psychology, communications, and mar-
keting (see Green, Brock, & Kaufman, 2004). Like presence,
narrative transportation is also believed to be related to atten-
tional engagement with the source material (Green & Brock,
2000). Although discussions of narrative transportation are
often applied to more traditional forms of media (e.g., pas-
sages of written text), its conceptual similarity with presence

suggests that VR may serve as a suitable platform for testing
theories of narrative transportation in the more ecologically
valid settings that virtual environments are capable of
supporting. In turn, this observation suggests that research
designed to elucidate the role of presence in memory perfor-
mance might represent a potentially fruitful connection to an-
other established body of psychological literature.

Simulator sickness in virtual reality

Although the use of VR in experimental settings represents a
generally benign methodological technique, it is not entirely
free of drawbacks. In particular, it is not uncommon for users
of a VR apparatus to occasionally experience unpleasant
symptoms as a result of their exposure to the virtual environ-
ment. Such symptoms are characteristic of simulator
sickness,8 an ailment with symptoms similar to, but distinct
from, motion sickness (for review, see Rebenitsch & Owen,
2016). Common symptoms of simulator sickness include nau-
sea, dizziness, fatigue, and/or headache (Kennedy, Lane,
Berbaum, & Lilienthal, 1993; Kolasinski, 1995). Simulator
sickness is often assessed through instruments such as the
Simulator Sickness Questionnaire (SSQ), originally devel-
oped by Kennedy et al. (1993; see also Bouchard, Robillard,
& Renaud, 2007).

If simulator sickness is such a common feature of VR en-
vironments, what might be causing this discomfort? The most
commonly invoked explanation for the occurrence of simula-
tor sickness in VR is known as sensory conflict theory.
Briefly, this theory suggests that the progenitor of simulator
sickness is a disparity in the sensory input between perceptual
systems (D. Johnson, 2005; Kolasinski, 1995). Consider a
situation in which a subject remains physically stationary
while using a controller to navigate throughout a VR environ-
ment. In this instance, there is a mismatch between the sub-
ject’s visual and vestibular inputs—the visual system is re-
ceiving information consistent with the existence of self-
generated motion while the vestibular system does not detect
any movement. According to sensory conflict theory, it is this
type of intersensory disparity that ultimately gives rise to oc-
currences of simulator sickness in virtual environments.

Several risk factors for simulator sickness can be traced to
features of the virtual environment and/or VR apparatus itself.
Interestingly, some features that increase the sensory immer-
sion of a virtual system have also been found to increase the
prevalence of simulator sickness. Such features include in-
creased field of view and the use of stereoscopic displays
(for discussion, see Rebenitsch & Owen, 2016). In contrast,

8 Sometimes alternatively referred to as cybersickness or virtual reality
sickness, with definitional distinctions occasionally drawn between each spe-
cific term (e.g., Stanney, Kennedy, & Drexler, 1997).
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increasing the interactive immersion in a virtual environment
tends to result in decreased levels of simulator sickness (see
Lawson, 2014; see also Sharples, Cobb, Moody, & Wilson,
2008). When considering the negative correlation between
simulator sickness and ratings of presence (Nichols et al.,
2000), the difference between manipulations of sensory and
interactive immersion on simulator sickness highlights an ex-
tra layer of complexity to the relationship between immersion
and presence discussed earlier. Finally, there is also variation
in the severity of symptoms depending on the type of appara-
tus being employed. In particular, Headset-VR seems to pro-
duce more frequent and more severe symptoms of simulator
sickness than do other forms of VR, particularly with regard to
nausea and disorientation (Sharples et al., 2008; see also
Howarth & Costello, 1997).

Beyond the unpleasantness and discomfort associated with
simulator sickness, what concerns should memory researchers
have about the occurrence of these symptoms in an experi-
ment? Perhaps the most apparent issue from the perspective of
cognitive research is the potential for simulator sickness to
cause distraction. Each of the symptoms associated with sim-
ulator sickness have the capacity to distract a subject during
encoding, thereby dividing a subject’s attention and ultimately
reducing overall memory performance. This confound has the
potential to obscure the interpretation of a given study’s re-
sults, particularly in cases where the experimental manipula-
tion of interest is associated with an increase or decrease in the
prevalence of simulator sickness. Consider the aforemen-
tioned relationship between certain manipulations of sensory
immersion and simulator sickness. Might an increased preva-
lence of simulator sickness resulting from greater sensory im-
mersion dampen the immersion-related memory benefits that
one might otherwise expect? If so, could this be a contributing
factor to the inconsistency in the literature regarding memory
effects in VR? A similar concern arises for research on inter-
active immersion, particularly with regard to the finding that
passive interaction may result in higher levels of simulator
sickness than would active interaction. This raises the ques-
tion of how to most appropriately interpret memory results
from these studies: Is active navigation enhancing encoding
(as conventionally believed), or might passive navigation be
inhibiting encoding due to increased simulator sickness?

Considering these potentially critical concerns for memory
researchers employing VR, an examination of available strat-
egies to account for simulator sickness is an important step in
designing an experiment within this area of study. The most
straightforward approach would be the inclusion of a stan-
dardized instrument to measure simulator sickness (e.g., the
SSQ). This strategy allows for subsequent analyses to assess
what impact (if any) these symptomsmight have had onmem-
ory performance. Alternatively, instead of simply recording
the occurrence of simulator sickness, one might additionally
incorporate study design elements intended to reduce the

chance that it will occur in the first place. Several techniques
have been shown to moderate the prevalence of simulator
sickness. Having subjects remain seated during the VR expe-
rience (as opposed to standing or walking around) has been
shown to reduce simulator sickness (Merhi, Faugloire,
Flanagan, & Stoffregen, 2007). Additionally, longer durations
in VR have been associated with increased levels of simulator
sickness, so keeping VR exposure as brief as possible should
reduce the occurrence of symptoms (Kennedy, Stanney, &
Dunlap, 2000; see also Ruddle, 2004). In accordance with
sensory conflict theory, mismatches between sensory inputs
(e.g., visual and vestibular) can also give rise to simulator
sickness (e.g., Palmisano, Mursic, & Kim, 2017), so disparity
of this sort should be avoided if possible. For instance, if
navigation is necessary for an experiment, researchers might
consider what method of virtual locomotion has been chosen
for their study, as the severity of simulator sickness seems to
be more pronounced when navigating through a virtual envi-
ronment with a controller or joystick instead of physically
walking (Llorach, Evans, & Blat, 2014). Other efforts to re-
duce the impact of simulator sickness include the addition of
artificial blurring effects as an additional depth cue (Carnegie
& Rhee, 2015), instructing subjects to perform oculomotor
exercises prior to observing Headset-VR content (Park et al.,
2017), and even including a Bvirtual nose^ in the visual dis-
play to serve as a fixed point of reference for the user as they
look around the virtual environment (Whittinghill, Ziegler,
Case, & Moore, 2015). Although the specific objectives of a
given experiment may preclude the incorporation of certain
suggestions listed above, including these sorts of techniques
(if feasible) should serve to proactively decrease the preva-
lence of simulator sickness, thus minimizing its influence on
memory performance.

Other considerations for using virtual reality
as a tool for episodic memory research

In addition to the topics previously discussed in this review, a
number of other factors may contribute to episodic memory
effects observed as a result of learning information in a virtual
environment. A selection of issues pertinent to researchers
interested in employing VR as a methodological tool are brief-
ly discussed below.

Age effects

One area of episodic memory performance in VR that has been
comparatively understudied is whether the same memory effects
found in younger adults also occur in older adults. Results in this
area of research are somewhat mixed. For example, some studies
on the impact of active versus passive virtual interaction on
memory performance in older adults have demonstrated
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improvements in spatial memory performance when older sub-
jects actively engagewith the virtual environment, and found that
this improvement occurs regardless of whether the older adults
are mentally healthy or suffer frommild cognitive impairment or
Alzheimer’s disease (Plancher, Tirard, Gyselinck, Nicolas, &
Piolino, 2012). In contrast, other studies comparing virtual inter-
activity for young and older adults have shown a benefit of active
navigation for younger adults, but decreased performance for
older adults in terms of both way-finding tasks (Taillade et al.,
2013) and susceptibility to false recognitions (Sauzéon, N’kaoua,
Arvind Pala, Taillade, & Guitton, 2016) when actively navigat-
ing the virtual environment. Another recorded age difference for
studying virtual environments has been foundwith relation to the
task instructions given to subjects. Specifically, for intentional
encoding tasks, the performance for young adults often exceeds
that of older adults. However, there is evidence that performance
on several assessments of episodic memory is comparable be-
tween young and older adults in incidental encoding of a virtual
environment (Plancher et al., 2010).

In a similar vein, there is also mixed evidence regarding
how normal age-related differences in memory performance
might extend to virtual environments. Taillade, N’Kaoua, and
Sauzéon (2016) found that the size of age-related declines in
navigational performance were identical on spatial memory
tasks in both virtual and real-world environments, suggesting
that typical age-related memory effects should be preserved
when extended to virtual memory assessments. However, this
pattern did not apply to a study conducted by Pflueger,
Stieglitz, Lemoine, and Leyhe (2018), which employed a vir-
tual assessment of episodic memory performance designed to
be structurally similar to a commonly used clinical memory
evaluation (the California Verbal Learning Test, or CVLT). In
fact, although administration of the traditional CVLT assess-
ment produced the typical difference in memory between age
groups (i.e., young adults surpassing healthy older adults), this
age-related performance gap actually declined within the vir-
tual assessment. Although there was certainly a greater degree
of disparity between the real and virtual tasks in this study
relative to Taillade et al. (2016), this finding still suggests that
robust age-related trends in memory performance observed in
the traditional experimental literature may not uniformly ex-
tend to virtual research. In sum, more research will be neces-
sary before definitively concluding the extent to which mem-
ory effects in VR compare (or contrast) with traditional mem-
ory tasks as a function of age. Nevertheless, a consideration of
age effects is an important component in understanding the
generalizability of memory effects found in VR research.

Gender effects

Research on episodic memory has often revealed an effect of
gender on memory performance. In general, the trend seems to
favor men on a number of spatial tasks (e.g., distance estimation

and route learning) and women on memory for the identity and
location of objects (for discussion, see Voyer, Postma, Brake, &
Imperato-McGinley, 2007). Although such effects do not always
surface in research of episodicmemory inVR (e.g., Gaunet et al.,
2001; Sandamas & Foreman, 2003), in many instances this basic
trend occurs (e.g., Chrastil &Warren, 2015; Plancher et al., 2013;
Waller et al., 1998). Such differences also seem to persist across
development, surfacing in studies of VR memory in childhood
(Merrill, Yang, Roskos, & Steele, 2016) and persisting through
old age (Tippett et al., 2009). Moreover, evidence suggests a
higher prevalence of simulator sickness among females than
males, which might also contribute to performance discrepancies
onmemory tasks in VR (e.g., Park, Allen, Fiorentino, Rosenthal,
& Cook, 2006; Stanney, Hale, Nahmens, & Kennedy, 2003; see
also Lawson, 2014).

Considering that most assessments of episodic memory in-
clude either spatial or item-recognition tasks as measurements
of performance, the possible presence of gender effects should
be accounted for in studies assessing learning that occurs in
virtual environments. Ideally, experiments of episodic memory
performance in VR would recruit equal numbers of males and
females between groups. Alternatively, if that consideration is
infeasible, then one should at least record gender for the purpose
of later analyzing its effect, if any, on episodic memory perfor-
mance. For instance, when comparing performance between
real-life and virtual encoding using a spatial task such as route
learning, it is important to determine whether the outcomes of
each group are due to genuine differences (or similarities) be-
tween the conditions rather than being caused by an imbalance in
the number of males in one group or another. As seen earlier, the
results of studies in this field are often variable and subject to a
wide degree of interexperimental variation potentially resulting
from a number of factors. As such, a consideration of gender will
help to ensure that this variable does not confound the results of
experiments in this emerging body of literature.

Previous experience with virtual environments

Consideration should be given to interpersonal differences in a
subject’s prior degree of familiarity and proficiency with an
apparatus (or with interacting with virtual environments more
generally). In cases where subjects are less familiar with how to
interface with a VR system, the attentional burden of the task is
increased. This increased burden can effectively result in a
Bdual-task^ situation for these subjects relative to those with
more interface proficiency, which has been associated with re-
duced performance on VR spatial memory tasks (e.g., Waller,
2000). Interestingly, Tortell et al. (2007) found that increased
sensory immersion (via the inclusion of olfactory cues) during
encoding improved memory performance for technologically
inexperienced subjects substantially more than it did for sub-
jects who were more adept with virtual interfaces. More gener-
ally, this suggests that previous exposure to virtual
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environments maymoderate memory effects in a manner that is
difficult to predict in the context of a specific experiment. For
this reason, researchers should consider the inclusion of brief
questionnaires designed to measure a subject’s preexperimental
level of exposure to virtual technology (e.g., Moffat,
Zonderman, & Resnick, 2001; Richardson & Collaer, 2011).
Such questionnaires often use video gaming experience as a
proxy for general exposure to technological interfaces and vir-
tual environments. Additionally, researchers should ideally in-
clude a familiarization phase at the beginning of experiments
that is designed to adequately acquaint subjects with the inter-
face being used in the study before the initial encoding phase
(see Lopez, Deliens, & Cleeremans, 2016).

Spatial ability

Individual differences in spatial ability between subjectsmay also
have an effect on the outcome of episodic memory measures in
VR. For instance, Jang et al. (2017) observed that the memory
benefit of active interaction within their Sim-VR apparatus was
notably larger among subjects with lower levels of spatial ability
(as measured preexperimentally via the mental rotation test).
Without an index of general spatial ability, one might have in-
correctly concluded that the benefit of interactivity was generally
applicable to all subjects, whereas it was in fact disproportionate-
ly advantageous for certain subjects as a function of interpersonal
variation in the domain of spatial reasoning. Studies like this
highlight the importance of accounting for a subject’s spatial
ability as a potential moderating factor for the influence of a
given experimental manipulation (in this case, increased interac-
tive immersion) on memory performance.

Upon further inspection, the difference in spatial abilities
frequently observed between subjects appears to be a common
factor underlying a variety of the interpersonal effects previ-
ously discussed. Indeed, the demographic characteristics of
age, gender, and technological familiarity have all been found
to differ with regard to performance on spatial reasoning tasks.
Typically, the highest levels of spatial performance are asso-
ciated with young adults (vs. older adults; e.g., Moffat et al.,
2001), males (vs. females; e.g., Moffat, Hampson, &
Hatzipantelis, 1998), and gamers (vs. nongamers; e.g.,
Richardson & Collaer, 2011; for overview, see Wolbers &
Hegarty, 2010; see also Waller, 2000). It is also worth noting
that subjects with higher spatial ability have been found to
experience fewer symptoms of simulator sickness (e.g.,
Salzman, Dede, & Loftin, 1999). Given the association be-
tween spatial ability and characteristics that moderate memory
performance within virtual environments, memory re-
searchers should consider including an evaluation of spatial
ability in their VR-based experiments (particularly if there is
an interest in evaluating how interpersonal traits might influ-
ence memory).

Conclusion

As the availability of VR devices continues to proliferate, the
value of basic research regarding the benefits and limitations of
using virtual environments as learning platforms will become
increasingly important. Although the use of VR as a methodo-
logical tool for psychological research has exploded over the past
20 years (see Wilson & Soranzo, 2015), a great deal of work is
still needed to clarify the current discrepancies that occur be-
tween studies of episodic memory phenomena. Of particular
interest is additional evaluation of the interaction between the
various properties of immersion and memory performance, ex-
ploration of the mediating role that presence might play in this
relationship, and continued comparisons between the quality of
encoding in VR as opposed to analogous real-life settings.
Despite the current gaps in our knowledge of how learning oc-
curs within virtual environments, the potential offered by VR to
increase the ecological validity of tasks performed in the labora-
tory makes this methodological tool a prime candidate for future
study and experimental implementation.
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