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Abstract
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Related Work

Virtual reality displays, such as head-mounted displays
(HMD) afford us a superior spatial awareness by leveraging our vestibular and proprioceptive senses. Since the classical times, people have used memory palaces as a spatial
mnemonic to help remember information by organizing it
spatially in an environment and associating it with salient
features in that environment. In this paper, we explore
whether using virtual memory palaces in a head mounted
display (HMD) will allow a user to be able to better recall information than when using a traditional desktop display. Our study shows that virtual memory palaces coupled
with increased immersion in a HMD provide us with a superior memory recall compared to traditional desktop displays.
This, we hope, is a first step in using virtual environments for
creating more memorable experiences that enhance productivity through better recall of large amounts of information
organized around the idea of virtual memory palaces.

Memory palaces have been used since the classical times to
aid recall by using spatial mappings and environmental attributes. Figure 1 shows a depiction of a memory palace
attributed to Giulio Camillo in 1511. The idea was to map
words or phrases onto a mental model of an environment (in
this case an amphitheater), and then recall those phrases by
mentally visualizing that part of the environment.

Keywords: Immersion, experimental methods, HMD, 3D
navigation, visualization, psychology, training, education,
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Introduction

Since the classical times, people have used memory palaces
(method of loci), by taking advantage of the brain’s ability
to spatially organize thoughts and concepts. In a memory
palace, one mentally navigates an imagined structure to recall information [4]. Even the Roman orator Cicero is believed to have used the memory palace technique by visualizing his speeches and poems as spatial locations within the
auditorium he was in. Virtual reality displays, in contrast
to traditional displays, can combine immersive spatial representations of data with natural interactions. Our ability to
generate data has far surpassed our ability to comprehend
it [10]. Virtual reality offers us a way to organize large information spaces in the form of virtual memory palaces that
will leverage our natural abilities to understand, navigate,
and recall in our quest to better understand the data and its
relationships. In this paper we present the results of a user
study that involved building virtual memory palaces, and
testing to see if they could assist in superior recall aided by
the immersion afforded by a head-mounted display (HMD)
as compared to using a traditional desktop display. Our
results indicate a statistically significant improvement in recall when using virtual memory palaces in immersive, headtracked HMDs compared to traditional desktops.
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Figure 1: Giulio Camillo’s depiction of a memory palace
(1511 AD). Memory palaces like this have been used since
the classical times as a spatial mnemonic.

2.1

Memory Palaces

Legge et al. [6] has compared traditional mental memory
palaces (method of loci) against virtual memory palaces.
In his study, the subjects were divided into three groups.
The first group was instructed to use a mental memory
palace, the second group a virtual memory palace, and the
third (control) group was not informed on the use of any
mnemonic device. The group that was asked to use a virtual memory palace was given five minutes to explore the
virtual palace using a mouse and a keyboard. The subjects
in the three groups were given 10 to 11 uncorrelated words
and asked to memorize the words with their mnemonic device, if any. The users then had to recall the words serially.
This user study found that the users who used a virtual
memory palace performed better than those using a mental memory palace, and those who were not instructed on a
memory strategy did not perform as well as those who were.
These results were statistically significant. We note that in
the virtual memory palaces used in this study, the participants were expected to imagine the words associated with
parts of the virtual memory palace, and that they did not

actually see the words rendered in that environment. Also,
the subjects navigated the virtual memory palace on a desktop and did not experience it in an immersive virtual reality
environment.
2.2

Spatial Organization

Spatial organization in a 3D virtual environment has been
used to assist in recall. Robertson et al. [14] created an
application called the Data Mountain that allowed users to
place documents on a 2D inclined plane in 3D space, using
a traditional mouse interface. This inclined plane was rendered using a perspective projection. They found that the
users were able to spatially recall the locations and store
documents with reduced times, as well as minimize retrieval
failure, when using the 2D inclined plane in 3D, instead of
the conventional approach of laying them out on a flat 2D
display surface. Although this study used 3D rendering, it
restricted the viewer to a single view. Interestingly, other
studies such as by Cockburn [3] show that there is no statistically significant difference in spatial memory tasks in 2D
and 3D visualizations. We note that these studies have not
been carried out in immersive environments.
2.3

Display Immersion

Johnson et al. [5] performed a study evaluating spatial memory based on two setups: the first used a traditional monocular desktop display and the second used a stereoscopic headtracked desktop display. The participants in the study were
placed in a virtual city and guided through a set of predefined waypoints. The waypoints were then removed and
the participants were asked to go through a portion of that
path without the waypoints. The study found a statistically
significant improvement in episodic memory for the headtracked stereo display compared to the traditional desktop
display. Ragan et al. [12] carried out a user study in which
participants were asked to memorize and recall the sequence
of placement of virtual objects on a grid. The participants
were divided into multiple groups that were shown the same
process with different fields of view. They found that higher
fields of view produced a statistically significant performance
improvement. Efficacy of varying immersion levels by changing the field of view has also been studied in the context
of procedural training [1]. In a study by Sowndararajan
et al. [15] they compared subject performance for a task,
but with two different fields of view – one with a laptop
and the other with a large rear-projected L-shaped display.
The study had participants trained on two procedures and
the performance with the two levels of immersion was compared. The study found that higher levels of immersion (in
this case, field of view) were more effective in learning complex procedures that reference spatial locations. The studies
by Johnson et al., Ragan et al., and Sowndararajan et al. examine the relationship between memory and immersiveness
as measured by stereo, field of view, or head tracking, but
not inside a head-mounted display (HMD).
Pausch et al. [11] studied if immersion in a HMD aids in
searching and detection of information. In their study, they
created a virtual room with letters distributed on walls, ceiling, and floor. A user was placed in the center of this room
and was asked if a set of letters was present or not. The test
was conducted using a HMD and a traditional display with
a mouse and keyboard. They found that when the search
target was present, the HMD and the traditional display had
no statistically significant difference in performance. However, when the target was not present, the users were able to
confirm that target was missing more quickly in the HMD

than the traditional display. In addition, the users that used
the HMD first and then moved to a traditional display had
better performance than those who used the display first and
then the HMD. This suggests a positive transfer effect from
HMD to a desktop.
Mania and Randell [8] examined the productiveness
amongst a stereoscopic HMD, a monoscopic HMD, a desktop, and the real world. For this study they recreated a
small room, as precisely as possible, in 3D graphics. The
users were shown a set of shapes(placed in the real room as
well as in the virtual room) for a period and the users then
had to recall what shapes were placed where. During the recall phase, the amount of time the participants were idle was
measured and not the recall accuracy. This was exhibited
by no head or mouse movement. The study found that the
users in the HMD had significantly higher idle time during
the recall than those in the real world and the other display
modalities.
In another study by Mania et al. [9] they examined the
accuracy and confidence level associated with recall in a similar room as described above. The users were exposed to
objects within a room either in a HMD, on a desktop, or in
the real world. Then immediately after and one week later,
the participants recalled the objects and their locations as
well as their confidence in their answers by writing out their
answers on a piece of paper showing a drawing of the room.
The study found that initially and after one week, participants had the most accurate recall in the real-world scene,
were slightly less accurate and confident in the HMD, and
least accurate and confident on the desktop. However, results showed that the proportion of correct answers for the
most confident score was given in a HMD when participants
used the mouse to look around rather than those who used
head tracking. An interesting result of this study is that
natural-to-senses head tracking does not always correspond
to higher accuracy or confidence in recall.
Another study by Mania and Chalmers [7] evaluated the
memory recall and confidence of participants after a 15minute seminar delivered on a desktop, a HMD, or in the
real world. This study focused on episodic memory rather
than just spatial memory. A virtual replica of the seminar
was recreated as accurately as possible to the real-world scenario. The user study found that participants were better
able to recall information in the real world compared to the
HMD and that there was no statistical difference between
the real world and desktop in terms of recalling the events
of the seminar. However, they found that the probability of a
participant giving a high-confidence answer in the HMD was
higher than the desktop, which they concluded could mean
that the visual experiences in the HMD are more memorable
and vivid.
2.4

Embodied Interaction

Wraga et al. [16] compared the effectiveness of vestibular
and proprioceptive rotations in assisting recall. They found
that users in a HMD were able to better recall by rotating
their heads as compared to using a joystick for an equivalent
scene rotation. They also found that users in a HMD who
controlled their bearing in a virtual world by actively rotating in a swivel chair were able to recall better than those
that were being rotated by a tester.
Brooks et al. [2] studied if active participants had superior recall of a virtual environment on a desktop than passive
participants. Active participants controlled camera navigation via a joystick themselves, where passive participants
observed the navigation. They found that those who were

actively participating more accurately recalled the environment layout compared to those who were passive. However,
they also found that there was no statistically significant
difference between the recall or recognition of the objects
or their positions within the environment between the active and passive participants. This suggests that memory
was only enhanced for those aspects of the environment that
were interacted with directly - particularly the environment
which was navigated.
Riecke et al. [13] studied the importance of full-body walking to achieve effective VR navigation in a HMD. They had
participants navigate by (a) using a joystick or (b) by walking, or (c) a hybrid navigation where rotation was done by
the body and translation by the joystick. They found that
(b) walking was superior to (a) joystick navigation. However,
they also found that (b) walking compared to (c) hybrid navigation had roughly equal performance, which suggests that
the easier-to-implement hybrid navigation strategies are as
good as the full walking navigation.
3

Our User Study

Previous work has examined the role of spatial organization, immersion, and interaction in assisting recall. The
goal of our user study is to examine if a virtual memory
palace, experienced immersively in a head-tracked stereoscopic head-mounted display, can assist in recall better than
a mouse-based interaction on a traditional, non-immersive,
monoscopic desktop display. We wish to examine if virtual
memory palaces experienced immersively in a HMD can assist in more accurate recall than on a traditional desktop.
For this study we used a traditional desktop with a 30”
monitor and an Oculus DK2 HMD. The rendering resolution
for both the Oculus DK2 and the desktop was set to 1080 ×
1200 with a rendering field of view (FOV) of 100◦ degrees.
We had 40 participants in our user study, of which 30 were
male and 10 were female, each with normal or correctedto-normal vision. The study session for each participant
lasted around 45 minutes. First, a participant was shown
the images of all the 42 celebrity faces used in the study,
with names, to familiarize them with who they would later
be asked to recall. If a participant could not remember the
name of a celebrity during the recall phase, it was considered
acceptable for them to unambiguously describe the traits of
the celebrity. The celebrities were carefully chosen to be
easily recognizable and familiar. Next, the participant would
be placed either in front of a desktop monitor with a mouse
or inside a head-tracked HMD. The participants were given
as much time as they desired to get comfortable with the
desktop and HMD display. The users rotated the scene on a
desktop monitor using a traditional mouse and in the HMD
they rotated their head and body.
Once the participants were comfortable with the setup
and the controls, they were shown a set of 21 faces distributed around a 3D scene. We used two such scenes –
a palace and a medieval town, shown in Figure 2. The participants were given five minutes to memorize the faces and
their locations within the scene. After the five minute period, the display went blank and the participants were given
a two-minute break. We added this break to avoid recall
from the participants’ short-term memory.
After two minutes, the scene would reappear on the display with numbers having replaced the faces, as shown in
Figure 3. The participants were then asked to recall which
celebrity face had been at each numbered location. During this testing phase, the participants were able to look
around and explore the scene just as they did in the training

(a)

(b)
Figure 2: Virtual Memory Palaces used in our user study
(a) an ornate palace, and (b) a medieval town

phase, using the mouse on the desktop or rotating their headtracked HMD. For each numbered location in the scene, the
participants recalled the celebrity at that location, as well
as a confidence rating for their answer, ranging from 1 to
10, with 10 being certain. The participants had up to five
minutes to recall all the celebrities in the scene. Once the
participant was confident in all their answers, or the fiveminute period had passed, the testing phase ended. After
a break, the participants were placed in the other display
that they had not previously tested with. The process was
then repeated with a different scene and a different set of
21 faces to avoid information overlap from the previous test.
At the end, each participant was tested on the two displays,
a desktop and a HMD, on two different scenes, and with two
different sets of 21 faces.
4 Results
Our hypothesis is that a virtual memory palace experienced
in an immersive head-tracked head-mounted display will lead

we calculated F (1, 78) = 4.17 with p = 0.0446. Both show
that our result is statistically significant. In addition, we
found that the ordering of faces or ordering of scenes had no
statistically significant impact on the recall accuracy.
4.2 Confidence
Previous work [7, 9] had examined confidence with recall accuracy. This previous work allows us to study not only the
objective recall accuracy but also the subjective certainty of
the user answers. We had asked the participants to indicate
their confidence on a scale of 1 to 10, with 10 being certain,
for each answer. The confidence scores aggregated across all
the 40 participants and all the 42 faces that each studied are
shown in Figure 5.

Figure 3: Virtual memory palace: recall phase

to superior recall than on a mouse-controlled desktop display. In our study we had the participants alternate between
the two sets of faces, the two scenes, and the starting order
of the two displays. The reason for swapping the faces and
scenes between displays was to avoid any cross contamination. To mitigate any learning behavior from the first trial
to the second, the users alternated which display was used
first. By alternating amongst the displays, the scenes, and
the faces, we expect to mitigate any confounding effects.
4.1 Accuracy
The primary goal of the study was to examine the recall
accuracy differences between the two displays. In Figure 4
we present the overall performance of the users in the HMD
compared to the desktop.

Figure 5: The overall confidence scores of participants using
a HMD and a desktop. Each participant gave a confidence
score between 1 and 10 for each face they recalled. Those
in the HMD are slightly more confident about their answers
than those on the desktop.
From the figure above, we can see that users were slightly
more confident in the HMD than using a desktop. However,
confidence is not always an indication of correctness. We
want to see if the HMD was giving a false sense of confidence.
Figure (Figure 6) shows the overall correctness of answers
given in each display based on the confidence of participant
answers.

Figure 4: The overall recall performance of participants using a HMD is about 10% higher compared to a desktop. The
median recall accuracy percentage for HMD is 0.9048 and for
desktop display is 0.7857. The figure shows the 25th to 75th
percentiles for each display modality.
This shows that participants in the HMD were better able
to recall than those on a traditional desktop. Using a paired
t-test, we calculated p = 0.0017 < 0.05. Using ANOVA

Figure 6: The percentage of times participants gave the correct answer given their confidence score.
The results above show that when the users were highly

confident in the HMD (confidence score of 10), their confidence was better-grounded in the recall accuracy, than when
on the desktop.
4.3

Errors and Skips

The recall accuracy measures the number of correct answers.
The participants in our user studies made an error in recall
(i.e. gave an incorrect answer) or skipped answering (i.e. did
not provide an answer). We show the percentile distribution
of the average number of erroneous answers per participant
for each display modality in Figure 7. Participants in a HMD
made on average fewer errors than those on the desktop. The
total number of errors on the head mounted display for 40
people were 33 out of 840, and on the desktop was 56 also out
of 840. In addition, the difference in the incorrect answers
is statistically significant, with p = 0.0463 < 0.05.

4.4

Recall Time

We also recorded the time it took for participants to recall.
This was not designed to draw any definitive conclusions,
but rather to be more complete in our data collection. Each
user was given five minutes to train and up to five minutes
for evaluation. The Figure 9 below shows the distribution
of the average test times for the two display modalities. We
did not ask the participants to finish as early as possible. As
a result of this we noted a wide variation in the participant
behavior. If a participant was confident in their answers
they would end early. However, sometimes a participant
would have answered everything, but would prefer to double
check all their answers. Analogously, participants that did
not know the answers to all the questions would end early
because they gave up or would spend the full five minutes
trying to recall the missing answers. Time therefore did not
directly correlate with accuracy or how well a participant
remembered, but simply to their style or confidence. Not
surprisingly, we found that the difference in the testing times
between the two modalities was not statistically significant.

Figure 7: The average number of incorrect answers for each
display modality. Note that the median number of incorrect
answers for the HMD is 0 and therefore the first quartile is
also 0.
In Figure 8, we show that the number of faces for which
the participants skipped an answer on the desktop were significantly higher than those in the HMD. This was statistically significant with p = 0.0062 < 0.05, which reinforces
that the participants in the HMD had better recall than
those on the desktop.

Figure 9: The average amount of time it took participants
to recall all the faces in the HMD and on the desktop.

4.5

5

Figure 8: The number of faces skipped during recall for each
display modality.

Alternating Displays

We show that there is an improvement in using a HMD compared to a desktop for a single user. Figure 10 shows the
accuracy when using a desktop first then a HMD and using
a HMD first and then a desktop.
For both the desktop and HMD, users started with
roughly the same performance on both the desktop and
HMD. However, when going to the other display, the performance changed. When users went from a desktop to a HMD,
their performance generally improved. However, when the
users went from a HMD to a desktop, their performance surprisingly decreased. ANOVA found that there is no statistically significant difference between the ordering of displays,
with F (1, 78) = 1.7 and p = 0.19.
Discussion, Conclusions, and Future Work

We have found that the use of virtual memory palaces in
HMDs is better than traditional desktops when trying to
memorize and recall information. We had 40 participants
memorize and recall faces on two display modalities for two
virtual memory palaces, with two different sets of faces. Our
study participants went through each permutation of those
sets. In the end, there was roughly a 10% difference in

organization of the data in virtual memory palaces makes a
meaningful difference, then that could be further useful in
designing interaction-based virtual environments that could
one day assist in far superior information management and
recall tools than those currently available to us. Yet another
interesting future direction of research could be to explore
elements of virtual memory palaces that are highly personal
and those that could be used by larger groups. Much as
textbooks and videos are used today for knowledge dissemination, it could be possible for virtual memory palaces to
be one day used for effective transfer of mnemonic devices
amongst humans in virtual environments.
Acknowledgements
Figure 10: The average performance of participants going
from a desktop to a HMD and from a HMD to a desktop.

the average recall accuracy between the two displays, which
was found to be statistically significant. Virtual reality can
clearly provide entertaining and immersive experiences, but
we wanted to explore ways in which VR could enhance productivity. Given the results of our user study, we believe that
virtual memory palaces offer us an exciting glimpse into how
we may be able to organize and structure large information
spaces and navigate them in ways that assist in superior
recall.
During the user study, we offered the participants a chance
to give us comments and also recorded anything interesting
we observed. Nearly 75% of the participants pointed at objects while they were memorizing and recalling in HMDs.
This behavior was far less common on the desktop. All of
our study’s participants were expert desktop users, but almost none had experienced a HMD before. We believe that
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we gave the participants enough time to get comfortable
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2 of the 40 participants stated they preferred the HMD for
this task. They further stated that they felt more immersed
in the scene and so could be more focused on the task. In
addition, they reported that HMD afforded them a superior
sense of the spatial awareness which they claimed was important to some of their success. Several mentioned that they
exploited the virtual memory palace setup and associated
information relative to their own body.
Our study provides a tantalizing glimpse into what may lie
ahead in virtual-environment-based tools to enhance human
memory. The next steps will be to identify and characterize
what elements of virtual memory palaces are most effective
in eliciting a superior information recall. This could include
elements in the architecture of the virtual memory palaces
such as their design, their type, and various kinds of layouts and distribution of content that could help with recall.
Another interesting future work would be to allow people
to build their own virtual memory palaces, manipulate and
organize the content on their own, and then ask them to
recall that information. If their active participation in the
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