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Abstract
Virtual reality and immersive technologies are used in a variety of learning and training applications. However, higher levels 
of immersion do not always improve learning. The mixed results in the literature may partly arise from the use of between-
subjects designs, insufficient time intervals between sessions in within-subjects designs, and/or overreliance on binary 
comparisons of immersion levels. Our study examined the influence of three levels of audiovisual immersive technology 
on spatial learning in virtual environments, using a within-subjects design with long intersession intervals. Performance on 
object recognition and discrimination was improved in the highest immersion condition, whereas performance on directional 
bearings showed a U-shaped relationship with level of immersion. Examination of our data suggests that these results likely 
would not have been found had we used a between-subjects design or a binary comparison, thus demonstrating the value of 
our approach. Results suggest that different levels of immersion may be better suited to more or less cognitively complex 
types of spatial learning. We discuss challenges and opportunities for future work.
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1 Introduction

Virtual reality (VR) has become increasingly popular in the 
context of education and training (Johnson et al. 2016). Vir-
tual environments and highly immersive head-mounted dis-
plays (HMDs) can be found in a slew of learning and train-
ing domains including undergraduate classrooms (Moreno 
and Mayer 2004; Parong and Mayer 2018), special needs 
education (Lányi et al. 2006; Jeffs 2010), environmental edu-
cation (Markowitz et al. 2018), mindfulness training (Chan-
drasiri et al. 2019), construction (Wang et al. 2004; Jeelani 
et al. 2017), first responders (Stansfield et al. 1998; Mossel 
et al. 2017; Carlson and Caporusso 2019), sports (Huang 
et al. 2015), military (Bhagat et al. 2016; Khooshabeh et al. 
2017), and law enforcement (Wei et al. 2018; Carlson and 
Caporusso 2019).

The promise of such technology is well known: Immer-
sive VR technologies can provide realistic experiences while 
avoiding dangers or expenses of real-world training scenar-
ios. It is also commonly believed that more advanced immer-
sive technology should improve the effectiveness of learning 
in simulated environments (Andre and Wickens 1995; Bow-
man and McMahan 2007; Summers 2012; Cummings and 
Bailenson 2016; Brown 2016). This promise, along with the 
inherent allure of cutting-edge technology, has led to expen-
sive investments by military, civil services, and industry in 
advanced HMDs, CAVE systems, and simulated virtual 
environments (Lewis 2017; Sintia 2018; Horowitz 2018), 
without compelling evidence of positive outcomes (Govern-
ment Accountability Office 2016). However, students and 
trainees do not always see a learning benefit from highly 
immersive technology (Alexander et al. 2005). Learning 
performance in immersive VR has a mixed track record (for 
reviews, see McMahan et al. 2012; Cummings and Bailen-
son 2016).

Immersion is defined as a function or attribute of the 
technology itself (Regan 1995; Slater and Wilbur 1997; 
Cummings and Bailenson 2016) and takes into account the 
collection of immersive features (such as visual occlusion, 
degrees of freedom of head rotation, spatialized sound, etc.) 
offered by that technology (Cummings and Bailenson 2016). 
Higher levels of immersion sometimes do not improve 
learning performance (e.g., Moreno and Mayer 2000; Craig 
et al. 2002; Picciano 2002; Baylor et al. 2003; Frechette and 
Moreno 2010; Stevens et al. 2015). Sometimes, they even 
decrease performance (Mania and Chalmers 2001; Walker 
et al. 2009; Taylor and Barnett 2013; Stevens et al. 2015). 
Occasionally, we find the intuitively paradoxical result of 
trainees preferring immersive technologies that yield worse 
performance (Andre and Wickens 1995). It is important to 
understand these effects so that programs can better maxi-
mize learning while avoiding unnecessary expenditures.

1.1  Why might immersive technology influence 
learning?

Implementing a learning program in immersive technology, 
such as a VR headset, is an example of using an enhanced 
training component. Enhanced training components are 
“extras” that can be added to training programs with the 
intent of improving learning by increasing motivation, atten-
tion, engagement, enjoyment, or feelings of presence (e.g., 
Moreno and Mayer 2004; Lee and Nass 2005; von der Pütten 
et al. 2009; Kasap and Magnenat-Thalmann 2012; Files et al. 
2019b). This in turn may serve to keep learners focused, to 
hold their interest, to make them feel invested and present in 
the scenarios, and to motivate them to invest sufficient time-
on-task (Alexander et al. 2005; Landers and Landers 2014).

Immersion fits into the taxonomy of enhanced, gamified 
learning interventions as defined by Landers (2014). As 
per Landers’ model (2014), immersive technology does not 
replace instructional content. Rather, the add-on serves to 
influence the behavior and attitudes of the learner, which in 
turn can moderate the impact of the instructional content on 
learning outcomes.

The use of enhanced training components can improve 
performance and training transfer (e.g., Waller et al. 1998; 
Moreno and Mayer 2000, 2004; Wang et al. 2008). Such 
interventions can also backfire (e.g., Mania and Chalmers 
2001; Walker et al. 2009; Taylor and Barnett 2013; Ste-
vens et al. 2015). The overall track record in the literature 
is mixed (for review, see McMahan et al. 2012; Cummings 
and Bailenson 2016).

1.2  Could between‑subjects designs help explain 
the mixed track record?

The lack of consistency in these results may be due to a 
variety of factors, some of which may have to do with study 
design. Studies of immersive VR in learning often utilize 
a between-subjects design (e.g., Moreno and Mayer 2004; 
Mania et al. 2006; Tse et al. 2017; Cho 2018; Parong and 
Mayer 2018), wherein each research subject experiences 
only one type of technology or device setting and the results 
are then compared across groups. Individual differences in 
performance or response add noise to the data, potentially 
obscuring results. A within-subjects design, wherein each 
research subject experiences multiple conditions, would 
largely control for these individual differences but is difficult 
to implement (but see Mizell et al. 2002; Sousa Santos et al. 
2009; Patton 2014; Christou et al. 2016; Patton and Gamble 
2016; Shu et al. 2018 for some examples).

Executing a within-subjects design comes with a variety 
of challenges, such as adaptation and other order effects, plus 
attrition of participants and additional logistical difficulties, 
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especially if intersession intervals are long (e.g., increased 
participant tracking, scheduling). When within-subjects 
designs are used in VR research, particularly with HMDs, 
allowing subjects enough time to return fully to baseline 
requires them to return to the laboratory on a separate day, or 
better yet after several days or weeks (Sharples et al. 2008; 
Moss et al. 2011; Wilson 2016), but studies often use much 
shorter intervals. For example, participants are often offered 
“short breaks” between displays, about enough time to set 
up the next display (Swindells et al. 2004), offered no time 
at all (Sousa Santos et al. 2009), or given a 5-min “wash-
out” period (Tong et al. 2016). Carryover effects may further 
obscure effects of the conditions tested. A long intersession 
interval not only presents a logistical and scheduling chal-
lenge, but it exacerbates attrition, as subjects who come to 
an experimental session may not return for all subsequent 
sessions. Attrition also frequently implies increased recruit-
ment costs, compensation costs, and potentially more time 
needed to complete data collection. It is likely that these 
various difficulties explain why within-subject designs with 
sufficient inter-condition intervals are rarer in the VR learn-
ing literature.

1.3  Could number of conditions help explain 
the mixed track record?

Another potential reason for mixed results in immersion 
versus learning literature may be due to the number of con-
ditions used. Many studies compare only two conditions, 
a “high” and a “low” immersive technology condition 
(e.g., Moreno and Mayer 2004; Sousa Santos et al. 2009; 
Hsieh et al. 2018; Krokos et al. 2018; Shu et al. 2018). This 
approach allows comparison between the two levels used 
but limits the ability to assess the shape of more complex 
response curves to levels of immersive technology. For 
example, if the true participant response to levels of immer-
sive technology plateaus after a certain point, or if it follows 
a diminishing returns or U-shaped curve, a high versus low 
design would be unable to detect this shape. Furthermore, 
a high versus low design may fail to uncover effects at all 
if, for example, the low and high levels chosen happen to 
fall on either side of an undiscovered U. Hypothetically, if 
three different research teams performed binary compari-
son studies of points that happened to be sampled from an 
undiscovered U-shaped curve, these three teams could come 
to three entirely different conclusions about the relationship 
between immersion and learning. The highly contradictory 
results across the literature may partly stem from different 
teams choosing different pairs of points along what may be 
a complex curve function. Looking at three or more levels of 
immersive technology in the same study makes this occur-
rence less likely, but it also increases the logistical chal-
lenges of designing and running the study. Elucidating a 

curve response may help reveal why studies of immersion 
levels versus learning performance have shown such mixed 
results.

To better understand the relationship between immersive 
VR and learning performance, we conducted a study of 
three different levels of immersive technology in a training 
scenario for spatial learning, using a within-subjects design 
with long intersession intervals (≥ 14 days).

2  Methods

2.1  Equipment

We examined three different levels of immersive technology, 
including aspects of both visual and auditory immersion.

The Low level condition featured a Dell Ultra Sharp 24” 
Desktop Monitor and Dell OEM AX210 2.0 2-piece USB 
powered desktop speakers. The Medium level used a par-
tially occlusive, mid-grade HMD (nVisor ST50, NVIS, Res-
ton, VA, hereafter called “NVIS”) fitted with an InterSense 
InertiaCube4 system, and supra-aural headphones (Sony 
MDR-G45). The High level used a fully occlusive HMD 
(Oculus Rift CV1, Facebook Technologies, Menlo Park, 
CA) and Audio-Technica ATH-M50x circumaural head-
phones (Fig. 1).

Additionally, audio playback algorithms used in the Low, 
Medium, and High conditions differed. The spatial audio 
cues used in the three auditory immersion levels were cre-
ated using Oculus’ 3D audio spatialization effects from their 
3D audio spatialization Software Development Kit. The Low 
level was created by playing only distance-based acoustic 
intensity cues. The Medium level was rendered using dis-
tance cues as well as directional head-related transfer func-
tion cues with head tracking. The High level used distance 
cues, directional head-motion-tracked sounds, and room 
acoustic cues. The room acoustic cues were chosen to match 

Fig. 1  Head-mounted displays (HMDs) used in this study: nVisor 
ST50 (NVIS, left) and Oculus Rift CV1 (right)
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the smooth, hard surfaces of the virtual spaces. Low acoustic 
absorption values of ten percent and low scattering values of 
five percent were implemented for the virtual environments.

In all conditions, participants used an Xbox ONE game 
controller (wired connection) to traverse horizontal planar 
distance (i.e., “walk”) in the virtual environments. The vir-
tual study environments were large, containing multiple con-
nected rooms. This necessitated a navigational method that 
could accommodate smooth real-time audiovisual traversal 
within, through, and between rooms in a large environment. 
Neither the desktop monitor, nor the NVIS, nor the Rift 
HMD has native functionality for significant distance tra-
versal of this sort, so a peripheral (game controller) was used 
for this purpose. This setup is representative of what a typi-
cal classroom, military schoolhouse, or recreational gamer 
would utilize to explore large virtual environments in VR.

View rotation occurred via game controller in the Low 
condition, via game controller or head movement in the 
Medium condition, and via game controller or head move-
ment in the High condition. All participants could, and did, 
physically rotate, tilt, swivel, crane, etc., their heads and 
body to change their gaze in the Medium and High condi-
tions. The full 360° of motion and additional degrees of 
freedom movement affordances of the NVIS and Oculus Rift 
were enabled using appropriate software code and drivers to 
present the environments in these display devices and use 
their unique affordances.

An ASUSTek model G752VS gaming laptop running 
Windows 10 Pro, with NVIDIA Geforce GTX 1070 GPU, 
was used for all experiment runs. Questionnaires were 
implemented on a Windows Surface Pro 3 tablet running 
Windows 10, using Qualtrics software.

2.2  Virtual environments and scavenger hunt task

Virtual environments were created in Unity 3D, with addi-
tional support scripts in Python. Virtual environments used 
in this study included one simple controls-familiarization 
environment, three “mini” environments used for prac-
tice, and three larger “main” environments which served 
as the test environments. The controls-familiarization 
environment was a plain 3D space with a grid, populated 
with squares and spheres on which the participant could 
practice moving and targeting. The Mini environments 
consisted of small, four-room simulated indoor environ-
ments populated with theme-relevant objects. Themes 
included (1) History museum, (2) Recreation center, and 
(3) Holiday rooms. The mini environments were all the 
same size, had the same number of rooms (four), and 
had the same number of doorways (three doorways). The 
spatial orientation of rooms differed for each mini envi-
ronment, as did the objects populating the environments. 
The Main environments consisted of larger simulated 

indoor environments populated by theme-relevant objects 
(Fig. 2). These themes were (1) Home, (2) Office, and (3) 
School. The main environments were all the same size 
and had the same number of doorways (14). The spatial 
orientation of rooms differed for each main environment, 
as did the objects populating the environments. Each main 
environment had an equal number of rooms (13), an equal 
number of scavenger hunt items (8), and a similar number 
of incidental (nonscavenger hunt) items. For realism, we 
included audio in the environments. Six objects in each 
main environment had an audio component (e.g., a ringing 
telephone). Three of these audio objects were included in 
the scavenger hunt; three were not.

The task scenario in our study contains a primary 
mission (connecting with a sequence of objects; i.e., an 
ordered scavenger hunt) followed by questions probing 
about observed objects and their spatial relationships, as 
recalled from the experience in the environment during 
the task. An ordered scavenger hunt with subsequent recall 
questions was selected as the main task for two reasons: 
(1) it forced participants to experience every room in the 
environment, and (2) this task is representative of spatial 
tasks involved in many real-world behaviors and training 
scenarios. Examples include search and rescue operations, 
bomb identification and defusing, building clearing, con-
traband discovery and securing, or simply a person explor-
ing a new city or school to accomplish their goals. For 
example, a first responder must search a disaster environ-
ment for survivors, must address them in triage order, and 
must later be able to recall the layout of the environment 
and key objects within it to facilitate the ingress of sub-
sequent personnel and to facilitate the process of care and 
evacuation. Similarly, a newly arrived freshman must iden-
tify the locations of key elements in her dorm (dining hall, 

Fig. 2  Top-down view of the Office-themed main environment
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mail boxes, laundry room, etc.) and must connect with 
them in sequential order to accomplish her time-sensitive 
goals (e.g., eating before laundry). She would later need 
to recall the layout and locations of objects to accomplish 
future goals (e.g., Where is the recycling bin?)

The main environments were the test environments, so 
great care was given to ensuring that the difficulty of these 
environments, and the scavenger hunts within them, was 
equivalent. Main environment floorplans were created by 
taking a single floorplan, cutting it into pieces, and rear-
ranging the pieces to form three floorplans of identical 
size and identical individual room proportions. Doors were 
placed to provide as close as possible to equivalent con-
nectivity between rooms as measured by graph theoretic 
metrics, and scavenger hunt items were ordered to allow 
as close as possible to equivalent minimum path lengths 
for scavenger hunt completion (Files et al. 2019a). These 
efforts were successful; time to complete the scavenger 
hunts did not significantly differ across the three main 
environments (Files et al. 2019a), suggesting that their 
difficulty was well balanced.

2.3  Participants

Participants were recruited through online platforms asso-
ciated with the University of California, Santa Barbara 
community, including the Psychology Department’s paid 
participant pool. Inclusion criteria included being at least 
18 years of age and having normal hearing, normal color 
vision, and normal visual acuity (with or without contact 
lenses). Participants were screened for normal, symmetrical 
hearing using a MAICO MA 40 portable audiometer, for 
visual acuity using a traditional Snellen acuity chart, and 
for color vision using the 14-plate Ishihara’s Test for Color 
Deficiency. Participants were screened for contraindicated 
conditions (such as motion sickness susceptibility, alcohol 
influence, illness, or pregnancy) via self-report and excluded 
if they reported such conditions. Participants were also 
excluded if they reported more than 11 h of experience with 
HMDs or VR, as we wished to ensure that no participants 
had any advantage of exposure to VR and/or retained poten-
tial adaptations to VR. Sixty-one participants (43 F, 18 M, 
ages 19–29) completed all three sessions of the experiment.

2.4  Research design

This study sought to examine the influence of three dif-
ferent levels of immersion (Low, Medium, and High) on 
spatial learning in virtual environments. Each participant 
experienced all three conditions. The independent variable 
was the level of immersive technology used. The outcome 
variables were performance on after-environment transfer 
tasks (yes/no object recognition, multiple-choice object 

discrimination vs. foil objects, and bearings estimation [i.e., 
angular distance estimation, headings estimation]). The level 
of immersive technology, the exact virtual environment, and 
the order of presentation were counterbalanced. Participants 
took a break of at least two weeks between each experimen-
tal session.

2.5  Experimental procedure

Testing took place at the University of California, Santa 
Barbara. Participants took part in three experimental ses-
sions, each separated by at least two weeks to minimize 
any carryover effects (Moss et al. 2011). In each session, a 
participant provided written informed consent, was tested 
for normal hearing and vision (initial session only), and 
filled out self-report questionnaires on a tablet computer. 
The participant was then handed a game controller and 
was set up with one of three display technologies (desktop 
monitor with desktop speakers, NVIS HMD with supra-
aural headphones, or Oculus Rift HMD with circumaural 
headphones). The order of display type was counterbal-
anced. This was followed by a brief controls-familiari-
zation session in which the participant was asked to use 
the game controller buttons (and HMD head motions, if 
applicable) to view, move to, and select objects in a sim-
plified 3D virtual environment. After this, participants 
practiced navigating in a “mini” environment to further 
familiarize them with the game controller, display tech-
nology, scavenger hunt concept, and types of assessment 
questions that would later be asked. Participants remained 
in the mini environment for 5 min and were instructed to 
complete a simple four-item scavenger hunt followed by 
free exploration. Scavenger hunt items were marked with 
numbered flags, and participants were instructed to find 
each number in serial order and to press a button when 
close to each object to mark each one as found. Numbers 
were used instead of object names to ensure that when 
participants engaged with the assessment questions, they 
would be using their memory of their experience in the 
virtual environment rather than any given semantic infor-
mation. Participants were then removed from the display 
hardware and asked to answer a set of practice questions 
of the types they would later be asked after the main envi-
ronment. Participants then entered one of the three “main” 
virtual environments (order counterbalanced) and were 
asked to complete a scavenger hunt for eight objects in 
order (marked by numbered flags), following instructions 
on the screen.

Scavenger hunt items were chosen to avoid duplication 
across environments. For example, if a towel was a scav-
enger hunt object in one environment, we ensured that (a) 
no other environment had the same towel and (b) no towels 
served as scavenger hunt items in the other environments. 
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In order to ensure that distinct questions could be asked 
about each environment, the designation of scavenger hunt 
items was tightly coupled with the creation of the post-
environment assessment questions (Sect. 2.6).

Participants spent a total of 15 min in each main virtual 
environment. When they completed the scavenger hunt, 
participants were asked to freely explore the virtual envi-
ronment for the remainder of their 15 min. After exiting 
the virtual environment and removing the display technol-
ogy, the participants answered post-environment assess-
ment questions (transfer tasks) to demonstrate spatial 
learning in the virtual environment. Participants returned 
after a break of at least 2 weeks (Moss et al. 2011) and 
then engaged in another session of the experiment with a 
different display technology and a different environment 
and scavenger hunt. The technology, environments, and 
order of presentation were counterbalanced.

Participants were compensated for each experimental 
session they completed. In addition, participants who 
completed all three sessions received an additional bonus 
payment.

2.6  Learning assessment and transfer

A series of learning assessments occurred after engaging 
with the environments. The learning assessments involved 
post-environment quiz questions (i.e., knowledge transfer 
tasks) aimed at assessing the participants’ spatial learning 
from their immersive experience.

The questions were based on models of levels of spatial 
knowledge (Siegel and White 1975; Thorndyke and Hayes-
Roth 1982; Stern and Leiser 1988; Darken and Peterson 
2002), which consider object/landmark learning as among 
the cognitively simplest forms of spatial knowledge and 
consider tasks that require integration of more complicated 
survey-level spatial information as being the most cogni-
tively complex. Our tests included yes/no object recognition 
questions, multiple-choice object recognition questions, and 
bearings estimation questions.

In a yes/no object recognition question, the participant 
was presented with an image of an object that could plausi-
bly have been in the virtual environment and was asked to 
indicate whether they had observed that object in the envi-
ronment (Fig. 3a). Yes/no object recognition questions have 
been used in a variety of spatial learning studies to assess 
landmark-level spatial knowledge (see Taillade et al. 2013; 
van der Ham et al. 2015; Zhong and Moffat 2016; Krae-
mer et al. 2017 for recent examples). In a multiple-choice 
object recognition question, an image of an object from the 
virtual environment was displayed along with images of 
three “foil” objects which could plausibly have been in the 
environment but were not (Fig. 3b). A similar test has been 
used previously (e.g., Nys et al. 2015; Boccia et al. 2017). 

For the bearings test, participants were presented with a 
circular diagram with clickable tick marks at six-degree 
intervals. Participants were instructed to imagine they were 
standing on one object and facing a different object. They 
were then asked to indicate the direction in which a speci-
fied third object could be found (Fig. 4). The format of the 
bearings questions was modeled after Ragan et al. (2017), 
who used a circle and tick marks with the position object 
in the center, the facing object above the circle, and the 
target object pictured within the instruction sentence. We 
made modest tweaks to the tick marks and the wording of 
the instruction sentence used by Ragan et al. (2017) and 
implemented the questions in an electronic survey platform 
(Oiknine et al. 2019). Similar bearings tests were used by 
Witmer et al. (1995), van der Ham et al. (2015), Zhong and 
Moffat (2016), and Kraemer et al. (2017) to assess survey-
level spatial knowledge. 

The types of questions were presented in an order that 
was intended to test increasing levels of cognitive process-
ing without influencing performance by “giving away” what 
was in the environment. We avoided showing or mention-
ing information in quiz questions that could be used to help 
participants answer subsequent questions. For example, 
bearings questions included images of objects that were 
definitely in the environment. We therefore presented these 
questions after the yes/no and multiple-choice object rec-
ognition questions to ensure that participants answered the 
recognition questions based only on their remembered expe-
riences from the environment, not based on what they may 
have seen in a previous quiz question. This approach ensured 
that participants were answering questions based on their 
direct experience in the virtual environment, not from what 
they saw in previous questions.

The after-environment questions serve as assessment of 
learning of the environment and as examples of knowledge 
transfer tasks. Near transfer may be defined as performing a 
task that is highly similar to the task on which a person was 
trained. Farther forms of transfer may be defined as tasks 
that require the use of knowledge gained during training to 
perform a largely new and different task. We see the range 
of near-to-far transfer as a continuum.

As very near transfer and low spatial knowledge com-
plexity (landmark knowledge), yes/no recognition questions 
addressed participants’ learning of objects in the environ-
ment. Identifying objects was fairly pertinent to and largely 
unavoidable in the environment exploration task. Identifying 
objects again in the quiz is therefore a rather near form of 
transfer.

The multiple-choice object recognition/discrimination 
test we would consider to be a slightly farther example of 
transfer (albeit still fairly near). Here, the participant needs 
to identify which item they encountered and furthermore 
must recall sufficient detail to discriminate the object from 
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three foils. Discriminating among similar objects was not 
part of the original task. It is application of knowledge to 
a new task.

As significantly farther transfer, and requiring signifi-
cantly more complex spatial processing (i.e., survey-level 
spatial knowledge), bearings questions addressed the partici-
pants’ understanding of the relative positions of objects in 
the environment. There was little need to calculate bearings 

during the actual environment exploration, and estimating 
a bearing direction (angular distance) required significant 
post-processing of the experience in the environment to 
perform. To answer a bearings question correctly, a par-
ticipant had to: remember multiple objects, remember their 
locations, mentally reconstruct their relative spatial place-
ment, hold all this in short-term memory, and then mentally 
construct a novel visual perspective. The bearings questions 
are thus a means to assess whether the participant learned 
enough from exploring the environments that they could 
apply that knowledge to a rather different context (i.e., far-
ther transfer). The process of answering a bearing question 
involves cognitively intensive activities, considerably more 
so than simple object recognition and discrimination (Siegel 
and White 1975).

The difficulty of transfer questions was balanced across 
environments. For example, multiple-choice questions in 
each environment included 2 where the foils were schemati-
cally similar to the correct answer (e.g., all things related to 
exercise), 2 where the foils were functionally similar (e.g., 
all things that keep time), 2 where foils differed in stylis-
tic details (e.g., phones of slightly different design), and 2 
where foils differed only by color. Images used as foils in the 
recognition questions were carefully selected to be 3D mod-
els of similar visual/polygon quality as the actual objects 
from the environment, and all were displayed in an isolated 
manner with no environmental background present (Sinatra 
et al. 2019). Bearings questions for each environment were 
similarly difficulty balanced in terms of the distance between 
the objects and the number of items that had been targets 
versus nontargets in the scavenger hunt (Sinatra et al. 2019).

Participants were asked ten yes/no recognition questions 
per session, eight multiple-choice recognition questions 
per session, and four bearings questions per session. Due 
to a computer error, 15 sessions (out of 183 total sessions) 
included only seven multiple-choice recognition questions. 
Results on yes/no recognition and multiple-choice recogni-
tion were scored as proportions correct (the number correct 
out of the number presented). Results on the bearings ques-
tions were scored as the absolute angular error of the bear-
ings (in degrees), summed across the bearings questions.

2.7  Analysis

The goal of this study was to compare learning performance 
in the main environments across different levels of immer-
sive technology. The independent variable of interest was 
level of immersive technology (Low, Medium, High). Out-
come variables included scores on yes/no object recognition 
questions (proportion correct out of questions given), scores 
on recognition multiple-choice questions (proportion cor-
rect out of questions given), and scores on bearings (sum of 
all absolute errors in directional bearings). Analyses were 

Fig. 3  Example object recognition questions in a yes/no format and b 
multiple-choice format

Fig. 4  An example of a bearings question, showing the participant’s 
selected tick mark
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performed in SPSS (IBM, Armonk, NY) using repeated-
measures design. As the outcome variables were not nor-
mally distributed, nonparametric approaches were used. 
We controlled for multiple comparisons using the Benja-
mini–Hochberg false discovery rate (FDR) method (Benja-
mini and Hochberg 1995), using an FDR of 0.05.

To compare the utility of a within-subjects versus a 
between-subjects design, we also performed a second analy-
sis. In this second analysis, we examined our data as if it had 
been acquired under a between-subjects design. We did this 
by including only data from each participant’s first session. 
This raised our sample size to 73 (50 F, 23 M, ages 19–33), 
because we were able to include participants that were lost 
to attrition in the within-subjects design. Independent and 
dependent variables were as above, and nonparametric inde-
pendent-samples statistics were used to analyze these data.

3  Results

Performance on the simplest assessment question type 
(yes/no recognition), the more challenging question type 
(multiple-choice recognition/discrimination), and the most 
challenging type (bearings questions) was compared across 
levels of immersive technology to determine which levels 
of immersion provided greatest spatial learning of the main 
virtual environments. Level of immersive technology sig-
nificantly influenced results on yes/no and multiple-choice 
object recognition tests (Friedman tests, χ2(2) = 15.367, 
p < 0.001 for yes/no; χ2(2) = 6.612, p = 0.037 for multiple 
choice). Post hoc analyses revealed that participants per-
formed significantly better on yes/no object recognition 
questions in the High-immersion condition than they did 
in the Medium and Low conditions (Wilcoxon signed-
rank tests, Z = − 0.588, p = 0.556 for Low versus Medium; 
Z = − 2.547, p = 0.011 for Low vs. High; Z = − 3.380, 
p = 0.001 for Medium vs. High). Participants also performed 
significantly better on multiple-choice recognition ques-
tions in the High-immersion condition than they did in the 
Medium and Low conditions (Wilcoxon signed-rank tests, 
Z = − 0.248, p = 0.804 for Low vs. Medium; Z = − 2.327, 
p = 0.020 for Low vs. High; Z = − 2.775, p = 0.006 for 
Medium vs. High). Figure 5 depicts the level of immersive 
technology versus learning performance in object recogni-
tion in yes/no questions and in multiple-choice questions.

For bearings questions, a U-shaped response curve was 
observed. Level of immersive technology significantly 
influenced the results on bearings questions (Friedman 
test, χ2(2) = 6.426, p = 0.040). Post hoc analyses revealed 
that participants performed significantly worse at bearings 
in the Medium condition than in the Low and High condi-
tions (Wilcoxon signed-rank tests, Z = -2.155, p = 0.031 for 
Low vs. Medium; Z = − 0.273, p = 0.785 for Low vs. High; 

Z = − 2.557, p = 0.011 for Medium vs. High). Figure 6 shows 
the level of immersive technology versus errors on bearings 
questions (mean sum of all absolute errors on bearings ques-
tions). Because this outcome variable measures errors made, 
greater values of the variable indicate worse performance. 
Note the y-axis of Fig. 6 is flipped to more intuitively visu-
ally convey differences in performance.

All significant results remained significant after control-
ling for false discovery rate (Benjamini and Hochberg 1995).

In order to approximate the results we might have gotten 
had we used a between-subjects design, we created a data-
set that included each participant’s first visit only, includ-
ing those participants we lost to attrition, and ran between-
subjects (i.e., independent samples) analyses on these data.

Analyzing the data as if we had used a between-sub-
jects design failed to uncover many of the above results. 
A Kruskal–Wallis test was conducted to examine between-
subjects (N = 73; 24 in Low condition, 23 in Medium condi-
tion, 26 in High condition) differences in transfer test scores 
based on level of immersive technology used. No significant 
effects were found for bearings (χ2(2) = 0.042, p = 0.979) 
or for multiple-choice recognition scores (χ2(2) = 0.759, 
p = 0.682) using the between-subjects approach. Only the 
effects of level of immersive technology on yes/no object 
recognition remained significant under the approximated 
between-subjects design (χ2(2) = 6.690, p = 0.035). Post 
hoc Mann–Whitney U analyses indicated higher yes/no 
recognition scores for High (Mdn = 0.80) than for Medium 
(Mdn = 0.60) immersion levels (U = 167.5, p = 0.007). 
Scores for Low (Mdn = 0.70) and Medium conditions did not 
differ (U = 223, p = 0.251), nor did High vs. Low conditions 
(U = 250.5, p = 0.223) under the between-subjects approach. 
Significant values remained significant after controlling for 
false discovery rate (Benjamini and Hochberg 1995).

4  Discussion

A within-subjects approach with long intersession intervals 
was used to examine the effects of three levels of immersive 
audiovisual technology on spatial learning. Our goal was to 
examine spatial learning performance as a function of level 
of immersion considered in a holistic way, with focus on 
the overall level of immersive experience we expected the 
technology packages to impart. We therefore created Low, 
Medium, and High conditions which were each composites 
of multiple low-, medium-, and high-level immersive fea-
tures, respectively. For example, the high condition brought 
together our highest fidelity audio processing algorithm, 
highest quality audio headphones, most occlusive audio 
headphones, and most occlusive HMD. Our design thus 
does not allow us to tease apart which specific individual 
aspects of immersion were driving the results. Although we 
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speculate here, detailed isolation of relevant variables is left 
to other studies.

4.1  Benefit of high immersion for object 
recognition

Our results suggest that the highest immersion level (“High”) 
provided better learning performance on the simple yes/no 
recognition questions as well as the slightly more challeng-
ing multiple-choice recognition questions. The former type 
assessed whether participants remembered encountering 
the objects, whereas the latter assessed whether participants 
recalled objects in sufficient detail to distinguish them from 
similar “foil” objects. In both cases, using High immersion 
improved object recognition. Previous studies have found 
higher immersion levels to positively impact recall (Moreno 
and Mayer 2004; Bowman et al. 2009; Krokos et al. 2018). It 
may be tempting to hypothesize that these results are due to 
the increased visual affordances provided by the Oculus Rift 
HMD used in the High condition compared to the other con-
ditions. In the High (Rift) condition, head tracking allowed 
participants to tilt and crane their heads, as they would in the 
real world, to view objects in the environment from multiple 
angles. While multiple-angle viewing was also possible in 
the desktop condition, it required joystick manipulation to do 

so. The increased naturalness of the movement may explain 
the Rift’s benefit over the desktop.

However, the NVIS used in the Medium condition also 
provided head tracking and natural perspective taking via 
head movement, yet was not associated with greater object 
recognition memory performance. This could be because 
natural viewing angle affordances are not important to object 
recognition memory, or because the Medium condition had 
other features that degraded performance despite natu-
ral viewing angles. One key parameter may be occlusion. 
While wearing the NVIS, the user still retains considerable 
peripheral vision of the external real world, and this may be 
sufficiently distracting to hamper object recognition encod-
ing from the virtual world. Auditory occlusion also varied 
across our conditions. The supra-aural headphones of the 
Medium condition were only partially occlusive, compared 
to the more occlusive circumaural headphones used in the 
High condition. There may have been sufficient real-world 
audiovisual distraction in the Low and Medium conditions 
to interfere with performance; this suggests that full occlu-
sion may be required to achieve object recognition benefit.

Another factor may be physical comfort. The NVIS is 
a significantly older HMD, with a bulkier, heavier design 
involving less soft cushioning and less precise fit adjustabil-
ity. These factors may have been distracting to participants 

Fig. 5  Level of immersive technology versus learning performance 
in object recognition, a yes/no questions and b multiple-choice ques-
tions. Upper panels show mean accuracy for recognition questions. 
Error bars show 1 within-subject standard error of the mean (Morey 

2008) computed in logit space (Warton and Hui 2011). Lower panels 
indicate how many participants for whom a given technology yielded 
the best, middle, or worst performance
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when engaging with the virtual environment and may have 
counteracted recognition benefits gained from head tracking.

Another potential factor that may help explain the object 
recognition results is the novelty that comes with experi-
encing a cutting-edge HMD. Our participants had little if 
any exposure to HMDs prior to the experiment. The novel 
exposure to an HMD could have put participants in a higher 
engagement state which may have heightened attention and 
exploration during the exposure to the virtual environment 
(Schomaker and Meeter 2015). While this may explain the 
improved performance in the High condition, it does not 
explain the lack of benefit in the Medium (NVIS) condi-
tion, which was also novel to the participants. Again, com-
fort or occlusion factors may have counteracted any novelty 
benefits.

Another candidate is the increased auditory affordance of 
the audio processing algorithm in the High condition, which 
included head-tracked spatial audio and simulated audio 
reflections from room surfaces. This may contribute to a 
more natural “viewing” of objects in the audio environment 
from multiple angles and may analogously assist in better 
object recognition. Other work has shown improved recall 

with enhanced audio fidelity (Davis et al. 1999). Spatial 
sound has previously been shown to improve object identi-
fication (Zhou et al. 2004) and navigation in augmented real-
ity scenarios (Rumiński 2015). While the Medium-immer-
sion condition also included head-tracked spatial audio, it 
lacked simulated reflections. The Low condition had neither. 
If audio reflections alone were the critical factor, we might 
have expected improved performance on yes/no object rec-
ognition but not on multiple-choice object recognition. The 
audio reflection algorithm was not sophisticated enough 
to convey the nuanced differences that were referenced in 
the multiple-choice questions. However, the existence of 
audio reflections may have enhanced performance simply 
via novelty, or perhaps as a result of enhanced ability to 
create spatial cognitive maps due to the affordance of the 
virtual sound reflections (Andreasen et al. 2019). Compared 
to effects of visual immersion on learning, audio immersion 
aspects receive less attention in the literature and may be a 
valuable avenue for future study.

4.2  An uncanny valley for immersion with difficult 
tasks?

The immersion versus performance response curve differed 
across the different types of learning assessments. While 
the cognitively simpler object recognition questions sug-
gested no benefit until immersion level had passed a cer-
tain threshold, the cognitively complex, difficult bearings 
questions suggested a U-shaped curve: both Low and High 
immersion yielded better performance than the Medium 
level. McMahan et al. (2016) found similar patterns in stud-
ies of presentation fidelity. While recognition questions only 
required memory of objects encountered and visual details 
of those objects, bearings questions required a mental recre-
ation of scenes and/or development of a mental map (Siegel 
and White 1975). The bearings transfer task requires partici-
pants to integrate a vast amount of knowledge gained from 
their virtual environment experience. To answer a bearings 
question correctly, the participant must remember multiple 
objects and their locations, must mentally reconstruct their 
relative spatial placement, and then must mentally construct 
a novel visual perspective integrating all of these. Learning 
the virtual environment in sufficient detail to accomplish 
this is a demanding task, and any property of the media-
tion that interferes with this could be expected to degrade 
performance.

There are several possibilities as to why the High level 
of immersion and the Low were similarly effective for the 
bearings test. It is possible that the novelty of the High and 
the familiarity of the Low were each similarly helpful when 
acquiring spatial knowledge to use for the complex bearings 
question processing. Or again, the physical comfort of the 
Medium level may have impeded the knowledge acquisition. 

Fig. 6  Level of immersive technology versus errors on bearings ques-
tions. Upper panel shows mean sum of all absolute errors on bear-
ings questions. Because this variable measures errors made, greater 
values of the variable indicate worse performance. Note the y-axis 
is therefore flipped to more intuitively visually convey differences in 
performance. Error bars show 1 within-subject standard error of the 
mean (Morey 2008). Lower panel indicates how many participants for 
whom a given technology yielded the best, middle, or worst perfor-
mance
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It may also be the case that spatial knowledge acquisition 
occurred via two different mechanisms, one used in the Low 
condition and one used in the High, both similarly effec-
tive. If the Medium condition led to a suboptimal mix of 
these methods, or to conscious or unconscious uncertainty 
over which mechanism to use, performance could decline as 
immersion increases, before then improving as immersion 
increases again.

The U-shaped curve we found calls to mind the uncanny 
valley curve (Mori et  al. 2012; McMahan et  al. 2016) 
reported for a variety of technological, immersive, and simu-
lation contexts. Perhaps a related phenomenon is occurring 
in our study’s Low, Medium, and High levels of immersion. 
The overall experience of the Low condition may be suf-
ficiently abstract or fake to feel familiar and nonthreaten-
ing. After all, modern humans are used to interacting with 
flat desktop monitors or phone screens, button interfaces, 
and simple sound systems. It is just another day at work. 
The ease and familiarity of this interaction may free up 
attentional, memory, or other cognitive resources which 
may then be dedicated to the spatial learning task (see also 
McMahan et al. 2016). On the other end of the scale, the 
High condition may be sufficiently realistic and occlusive 
that the participants feel natural in their virtual interaction 
(head gaze, simulated audio reflections, no visual distrac-
tions, etc.), again freeing up cognitive resources which may 
be then be used for the spatial learning task. The Medium 
condition may fail to achieve either of these states, instead 
presenting an unsettling mix of both. The Medium condition 
in our study, like in classic interpretations of the uncanny 
valley, may represent a zone of tension between media that 
are clearly abstract and media that are sufficiently real. Or, it 
could represent a state where neither familiarity nor realism 
is sufficient to offer reduction in the cognitive load of the 
mediation experience, leading to poorer performance. This 
poorer performance might only be detectable on difficult 
tasks. These hypotheses, and the U-shaped response curve, 
warrant detailed investigation in future studies.

4.3  Better resolution when using within‑subjects 
design

As a proof of concept, after we performed within-subjects 
analyses, we then “simulated” a between-subjects design 
by including only each participant’s first session, adding 
back the participants we lost to attrition, and analyzing 
the resulting dataset without repeated measures. This was 
intended to approximate the results we may have gotten 
had we used a between-subjects design. It should be noted 
that an a priori between-subjects design likely would have 
taken a different approach to recruiting than we did, so our 
re-analysis of the data in a between-subjects style should 
be viewed as an approximation. Nonetheless, we found that 

most of our findings disappeared under the approximated 
between-subjects approach. Only a benefit for High immer-
sion over Medium remained, and only in the yes/no object 
recognition questions. One of the strongest drawbacks of 
a between-subjects design is that latent individual differ-
ences are not controlled for. These can add noise to the data 
and obscure results. Because bearings questions are cog-
nitively demanding and recruit multiple in-depth forms of 
cognitive processing, it is likely that performance on these 
questions is heavily influenced by a number of latent indi-
vidual differences—exactly the sort that may obscure results 
in between-subjects designs. Thus, it is not surprising that 
only the within-subjects approach was able to detect any 
influence of immersive technology on bearings scores. Simi-
larly, because the yes/no object recognition questions were 
the simplest (i.e., not requiring a cognitive map or configu-
rational knowledge of landmarks), involving less cognitive 
complexity and potentially involving fewer individual dif-
ference factors, we may have expected this outcome variable 
to be the most likely one to show detectable differences in a 
between-subjects design. Individual differences are known 
to be of great importance in learning and may factor heavily 
into immersive technology effects as well. This is a fruit-
ful avenue of study, but assessment in a between-subjects 
design requires identifying candidate individual differences. 
Because no study can identify and measure all potentially 
relevant individual differences, a within-subjects approach 
can still provide value in controlling for latent, unknown, 
unmeasured, or unnamed individual differences.

4.4  Complex curves require three or more 
conditions to uncover

Utilizing three levels of immersion also provided us with 
added precision over using a binary high versus low 
approach. We can “simulate” the results of such a study 
using our data as well. If we had only tested the Low and 
Medium conditions, we would have found no effect of 
immersion on yes/no object recognition or on multiple-
choice object recognition. We may have erroneously con-
cluded that level of immersion did not affect this type of 
learning, perhaps because object recognition is so simplistic 
that little benefit is gained from greater immersive technol-
ogy. Based on our three-level study, we can instead suggest 
that perhaps the Medium level was not immersive enough, 
or that other factors are in play. Similarly, if we had only 
tested the Low and High conditions, we would have found 
no effect of immersion on bearings performance. We may 
have concluded that level of immersion did not affect this 
type of learning. If we had only tested the Low and Medium, 
we may have concluded that increasing immersion was a 
detriment to bearings learning, and vice versa if we had only 
tested the Medium and High. That these conclusions differ 
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so dramatically highlights the downside of using a two-
condition design and may help explain some of the highly 
contradictory results found in the literature.

5  Conclusions and future directions

Our three-condition, within-subjects study with long 
intersession intervals revealed effects of levels of immer-
sion on spatial learning in virtual environments. We found a 
benefit to the highest level of immersion in object recogni-
tion questions, and a U-shaped response curve on bearings 
questions. Using our data to approximate a two-condition 
study resulted in a series of mutually contradicting con-
clusions, while using our data to approximate a between-
subjects study yielded more null results. These approaches 
may partially explain the mixed findings in the broader lit-
erature regarding the effects of immersive VR technology 
on learning.

We therefore encourage VR researchers, when feasible, 
to consider within-subjects designs and to consider using 
sufficiently long intersession intervals in those designs. 
This reduces noise from individual differences, mitigates 
adaptation, and provides more powerful data to analyze 
effects. We also encourage the use of multiple levels of test 
conditions (at least three) to help elucidate the potentially 
nonmonotonic shapes of the underlying response curves. 
Of course, these recommendations become more difficult 
to follow when combined (e.g., a within-subjects design 
with ten conditions and 2-week intervals would be quite 
difficult to implement), so trade-offs must always be con-
sidered. Between-subjects studies and two-condition designs 
certainly do provide valuable data, but these data should be 
interpreted with appropriate caveats.
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