N\

\
N

HAL

open science

Memory Recall for Data Visualizations in Mixed Reality,
Virtual Reality, 3D and 2D
Christophe Hurter, Bernice Rogowitz, Guillaume Truong, Tiffany Andry, Hugo

Romat, Ludovic Gardy, Fereshteh Amini, Nathalie Henry Riche

» To cite this version:

Christophe Hurter, Bernice Rogowitz, Guillaume Truong, Tiffany Andry, Hugo Romat, et al.. Memory Recall
for Data Visualizations in Mixed Reality, Virtual Reality, 3D and 2D. IEEE Transactions on Visualization and

Computer Graphics, 2024, pp.1-13. (10.1109/TVCG.2023.3336588). (hal-04595774)

HAL Id: hal-04595774
https://enac.hal.science/hal-04595774v1

Submitted on 23 Sep 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

PUBLIC
DOMAIN

Distributed under a Creative Commons CCO0 1.0 - Universal - International License


https://enac.hal.science/hal-04595774v1
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://hal.archives-ouvertes.fr

Memory Recall for Data Visualizations in Mixed
Reality, Virtual Reality, 3D and 2D

Christophe Hurter *“, Bernice Rogowitz
Ludovic Gardy

Abstract—This article explores how the ability to recall infor-
mation in data visualizations depends on the presentation technol-
ogy. Participants viewed 10 Isotype visualizations on a 2D screen,
in 3D, in Virtual Reality (VR) and in Mixed Reality (MR). To
provide a fair comparison between the three 3D conditions, we
used LIDAR to capture the details of the physical rooms, and
used this information to create our textured 3D models. For all
environments, we measured the number of visualizations recalled
and their order (2D) or spatial location (3D, VR, MR). We also
measured the number of syntactic and semantic features recalled.
Results of our study show increased recall and greater richness of
data understanding in the MR condition. Not only did participants
recall more visualizations and ordinal/spatial positions in MR, but
they also remembered more details about graph axes and data
mappings, and more information about the shape of the data. We
discuss how differences in the spatial and kinesthetic cues provided
in these different environments could contribute to these results,
and reasons why we did not observe comparable performance in
the 3D and VR conditions.

Index Terms—Data visualisation, recall, virtual reality, mixed
reality, locomotion, human memory, perception.
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1. INTRODUCTION

HE emergence of the metaverse has moved the discussion
T of immersive technologies from the laboratory into the real
world. Our goal is no longer to simply provide new technologies,
but to demonstrate their advantage on tasks that are important
and relevant to real-world applications. New Virtual Reality
(VR) and Mixed Reality (MR) applications are being developed
for gaming, flight control, shopping, and education, where it is
hoped that the enhanced cues provided by these technologies
will enhance memory [1] and problem solving [2].

Our work explores whether these technologies enhance recall
memory for data visualizations. Henceforth, we detail the fun-
damental aspects that distinguish your contribution from prior
research efforts.

(1) Previous studies comparing data visualization perfor-
mance in VR and MR environments, relative to 3D represen-
tations on a computer screen, have been limited by the fact that
the physical geometries across these modalities have not been
explicitly, and precisely, controlled. Does one technology afford
better performance because it is intrinsically superior, or could
it be because the experiment was instrumented in a way that
did not provide comparable spatial and 3-D cues? To address
this issue, we present a set of experiments in which the 3D and
VR renderings recreate the same physical rooms in which the
MR tasks were performed. To do so, we used LiDAR (light
detection and ranging) technology to capture the geometry and
texture of physical rooms and turn them into virtual rooms.
The world explored in our 3D and VR conditions, thus, is
a detailed replica of the physical world explored in our MR
condition; this method more fully equates the affordances of
our experimental conditions, and reduces potentially confound-
ing factors. (2) While research has shown that richer visual
environments, such as 3D representations, VR, and MR can
augment performance, there have been no studies that explicitly
compare the perception of data visualizations in these different
environments. (3) One important hallmark of 3D technologies
is that the information is located in space. While there have been
studies that explore memory for spatially-located photographs
or documents in VR and MR, our experiments are the first to
measure how well observers remember the spatial arrangements
of data visualizations and their order of presentation. This is
important, since many data visualization applications require
recalling information distributed in spatially-separate locations,
such as air traffic control or multi-screen monitoring tasks.
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Fig. 1.

Ability to recall features in data visualizations was measured in four environments: 2D and 3D using an external monitor, Virtual Reality (VR) and Mixed

Reality (MR) using head mounted displays. In each environment, observers navigated through sets of ten Isotype visualizations, and were asked to recall their

topics, their spatial order/location, data shape and syntactic details.

(4) Previous research on the recall of data visualizations has
focused on remembering features of individual visualizations.
In our research, we study how participants recall a set of data
objects. For each set, we measure the number of visualizations
correctly remembered, their spatial location, and memory for
features of the visualization that contribute to data understand-
ing. We measure recall for syntactic features, such axis labels and
the semantic to each glyph. We also ask participants to report
on semantic features of the data, such as whether the effects
being represented are ascending or descending, whether there
are peaks or outliers, etc.

Our experiments measure recall memory for data visualiza-
tions presented in 2D and in three geometrically matched 3D
environments: 3D, VR and MR (Fig. 1). For each environment,
we measured the number of visualizations recalled, their location
in sequence or space, the syntactic and semantic features of
the data being represented, and user preference. Our stimuli are
Isotype (International System of Typographic Picture Educa-
tion) visualizations [3], which use pictorial glyphs to represent
units of magnitude in a histogram. The example in Fig. 4, shows
preference for five pizza toppings, with each icon representing a
5% unit of preference. Isotypes are easy to interpret, are visually
compelling, and memorable [4]. In our baseline condition (2D),
a scrollable set of Isotype visualizations was presented on a
computer display. In our 3D condition, the visualizations were
rendered on the walls of a computer model of a 3D room, viewed
on a computer screen. In our VR condition, the same 3D model
was viewed with a head-mounted display, and in our MR con-
dition, the Isotypes were viewed in a Hololens, which projected
the Isotypes onto the walls of the same physical rooms used to
create the 3D models. These conditions allow us to examine how
technology differences affect memory for data visualizations,
the data they represent, and their spatial location. They also allow
us to explore the effects of spatial memory cues (placing the
visualizations in a 3D room), spatial interaction cues (virtually
changing viewpoint within a 3D room), and locomotion cues
(enabling users to use kinesthetic cues as they move).

Results of our study show increased recall and greater richness
of data understanding in the MR condition. Participants recalled
significantly more visualizations by topic (e.g., Preferred Pizza
Toppings), and more information about their spatial location in
the room (3D, VR, MR) or sequence (2D). They also recalled sig-
nificantly more information about the syntactic elements (e.g.,
units and axes) in the visualizations, and more information about
the meaning of the data (e.g., trends and features). Moreover, the

MR environment was preferred over the 2D, 3D, and VR envi-
ronments. We discuss the contribution of spatial and kinesthetic
cues in MR to these results, and factors that may have led to lower
performance in 3D and VR than expected based on previous
research (e.g., Data Mountain [5]) and Memory Palace [6]).

II. RELATED WORK

Our work draws on the long history of psychological research
on how we recall information from long-term memory [7]. In
the classic paradigm, the observer views a set of test objects,
and is asked, to recall as many objects as possible, and may
also be asked to report on particular features of the objects. In
our experiments, we present sets of Isotype visualizations to our
participants, who, after a time interval, report on the topic of the
visualization, features of the data rendering, and on the shape
of the data. We also study how spatial context affects retrieval
by controlling the order or position of the visualizations, and
asking our participants to report on their spatial location.

It has long been understood that spatial cues can enhance
recall. The Roman rhetoric textbook, Memoria ad Herennium,
from 90 BCE, explained that “natural memory” can be stim-
ulated by memory artifices, like backgrounds and images. For
example, remembering the concept of a horse is enhanced by
seeing an image of a horse, or imagining the context in which
the horse naturally appears. Spatial cues make objects “cling
lastingly in our memory” [8]. The Method of Loci [9] or Memory
Palace [10] is a mnemonic technique that explicitly trains the
user to associate lists of objects to imagined spatial locations.
The spatial location creates a more robust encoding of the
information, improving its likelihood of being transferred to
long-term memory. On recall, the spatial position primes the
memory by providing an external, associated cue, increasing
retrieval [11]. This method has produced remarkable feats of
memory. For example, Maguire, etal. [12] studied participants in
the World Memory Championships who used the Method of Loci
technique. They found that these high-performing memorizers
did not have higher general intelligence. However, they did
have more activity, measured via fMRI (functional magnetic
resonance imaging), in brain regions important for memory,
spatial memory and navigation. The Method of Loci traditionally
uses imagined spatial environments, but recent research has
shown similar advantages provided when the Memory Palace
is created virtually [6], [13]. We extend this work by examining
recall memory for Isotype data visualizations that are ordered



Fig. 2.

Graphical renderings of the three physical rooms we scanned (top view). The numbers show the ten predefined places to display the Isotypes (see Fig. 5).

The two shortest walls had two Isotype locations, while the two longest walls had three. Each room was a graphical replica of the physical room used in the MR
condition, and provided a rich environment with many landmarks, including tables, chairs, trash bins, an extinguisher and office furniture.

sequentially (2D) or arranged spatially in 3D, VR or MR en-
vironments. Spatial memory depends on many factors, and we
consider specifically those that are expressed differentially in
the four technology environments we examine. For example,
kinesthetic cues are very strong in Mixed Reality environments
where the observer is free to move around the space, are inferred
in 3D displays, and missing in 2D presentations (see Fig. 3).

A. Memory in Data Visualization

Memory for data visualizations is a relatively new research
topic. Several researchers have studied recognition memory,
which is the ability to correctly identify which visualizations
have been viewed previously. These have examined the effects
of extraneous visual features, such as embellishments, graph-
ical marks, and chart junk [14], [15], [16] on recognition.
Recall memory, which requires actively retrieving the mem-
ory from longterm store, has also been studied. For example,
Saket et al. [17] showed that map-based visualizations produced
higher recall than node-link diagrams of the same data, and
Haroz et al. [4] found that the pictorial content of Isotype
visualizations can help participants recall data values. Borkin,
et al. [18] measured recognition memory for labeled graphs,
then asked the participants to recall information about each
recognized visualization. They found that the labels provided
important context information and enhanced recall. Ghani [19]
and Basak, et al. [20] have shown that providing spatial cues to
node-link diagrams improves memory for features.

Research into the role of spatial cues for memory and naviga-
tion has grown in prominence with the growth of immersive envi-
ronments. Willett et al. [21] introduced the concept of embedded
visualizations to describe the use of overlay projections and
see-through videos to position individual presentations of data

close to their corresponding physical referents in mixed reality
environments. Moreover, navigating in a virtual 3D environment
provides enhanced spatial cues, such as depth information,
and richer information about the relative spatial positions of
objects, which Krokos et al. [6] argue, contribute to increasing
the recall of portrait images in a Memory Palace design. In
addition to these factors, work on embodied cognition [22] has
drawn research attention to the importance of kinesthetic cues in
forming and recalling memories. In some Virtual-, Augmented-,
and Mixed-Reality designs, the user physically moves through
the space, which provides cues about body movement (propri-
oception) and movement relative to the physical world (kines-
thetics) [23]. Legge, et al. [13], have shown that locomotion can
enhance memory recall in immersive environments. Drawing
on these ideas, we examine recall memory for sets of data
visualizations in 2- and 3-D environments that provide different
spatial and kinesthetic cues.

B. Spatial Context in Real and Virtual Environments

In his classic work, Gibson [24] developed the idea that
human perception evolved in, and is designed to operate in
a world that is actively explored. Objects are situated in spa-
tial contexts, and characteristics of these contexts affect their
perception. Ideas that are important in user interface design,
such as realism, affordance and immersiveness spring from this
foundation, which has roots in Gestalt Psychology [25] and the
philosophy of phenomenology [26]. The more an environment
emulates the real world, the argument goes, the more natural
cues are available for cognitive processing [27]. Some important
dimensions include increased field of view, high resolution, and
depth, which enable perceptual abilities such as visual acuity,
depth perception, and motion parallax. The goal of creating
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Fig. 3.

Comparison of sensory characteristics of the four technologies: 2D, 3D, Virtual Reality and Mixed Reality. All conditions provided high spatial resolution

Isotypes. The Mixed Reality environment provided higher spatial resolution and stronger kinesthetic cues through locomotion.

ever more realistic environments motivates the development of
larger displays and environments supporting active navigation,
where objects can be manipulated and explored naturally. 3D
and immersive technologies not only make the experience more
visceral [28], but can also increase data understanding [29]. Our
approach explores how spatial context affects recall memory for
ordered sequences of visualizations, and how differences in the
affordances of 2D, 3D, VR and MR display modes, such as
kinesthetic cues, affect the ability to recall spatial position, and
syntactic and semantic features of the data.

C. Moving in Real-World Environments

An important aspect of real-world environments is that users
can move freely wherever they choose, direct attention where
they choose, and use affordances of the real world. Moving
through the world not only provides better sensory information
to our brains, but the act of moving in the environment is itself
an important process, called embodied cognition [30], [31].
Since short term memory is a limited store, encoding information
onto our sensorimotor cortex, through associated body motions,
can free up working memory [32], providing more cycles for
encoding memories into the long-term store. The more infor-
mation reaching long-term memory, the greater the potential
for recall. In kinesthetic perception research, a distinction is
made between egocentric and allocentric movement. In egocen-
tric movement, the observer actively travels in physical space,
taking advantage of kinesthetic memory, optic flow, and the

encoding of information into context-dependent units (episodic
memory [33]). In allocentric memory, the observer passively
views a representation of a physical space, such as a 2D map.
Vielledent, et al. [34] found that the ability to remember a path
was improved when observers physically walked the path, or
mentally imagined the turns taken. This similarity provides a
link between the mental imagination used in the Method of
Loci and the physical act of self-driven locomotion [35]. To
our knowledge, the literature does not contain a controlled and
comprehensive exploration of how recall depends on the realism
and kinesthetic affordance of the environment. Our work con-
tributes to this research by investigating the impact of real world
affordances and kinesthetic cues on recall memory for Isotype
visualizations in environments with varying degrees of realism.

D. Moving in Virtual Environments

The link between body movement and recall was implied in
the early work by Robertson, et al. [5], who created a 3-D
graphical representation of a desktop on a computer screen,
and positioned document icons on this inclined plane. The Data
Mountain interface provided faster and more accurate retrieval
than its non-spatial counterpart, because the spatial cues pro-
vided a framework for organizing and recalling the graphical
entities. By allowing users to reach out, grab and move the
virtual documents, it also simulated the kinesthetic experience
of manipulating objects in the real world. Tan, et al. [23],
for example, found that users were better able to recall the



positions of objects when they could physically touch them on
a touchscreen.

Waller et al. [36] provide a valuable summary of the availabil-
ity of different modes of sensory information in real and virtual
environments and Ruddle [37] identified how body motion is
involved. The results are mixed on whether movement in a
virtual environment enhances memory. Gaunet et al. [38] did not
reveal an advantage in scene recall when the observer navigated
with a joystick on a 3D screen versus simply viewing images
of the scenes without context. Krokos et al. [6] found an 8.8%
increase in recognition for portrait pictures in this same set-up.
Friedrich et al. [39] investigated the effect of body motionin VR
for placement retrieval. Yang et al. [40] measured the amount
of knowledge retrieved and retained from scholarly articles, and
found that using a memory place technique in VR provided better
results than an imagined memory palace. Vindenes, et al. [41]
compared word recall in three Memory Palace environments
and found that more words were recalled using desktop VR
than immersive VR, and that the conventional non-VR set-
up provided the best recall. McCormick [42] described how
immersive analytics systems could benefit from MR, which
overcome some of the sensory limitations in VR. In Memory
Palace experiments in Augmented reality, Lim and Lim [43]
showed that physical movement and creating annotations on a
hand-held device improved recall for ordered historical facts
and groupings of items. In our experiments, we extend previous
work by examining recall memory in four test conditions where
the participants can manipulate their viewpoints. In our 2D and
3D conditions, participants can move their heads and bodies, but
their movements do not change the visual representation. In our
VR condition, participants can move their heads and navigate
virtually in the 3D room, with access to depth cues like optical
flow. In MR, participants physically move through the space,
with access to a full range of visual depth and kinesthetic cues.

III. METHODS

The goal of our experiment is to explore whether data pre-
sentation technologies (2D, 3D, VR and MR) could affect vi-
sualization recall and understanding, and to shed light on how
different perceptual cues might contribute. To compare between
technologies, we selected environments that are commonly used
for visualization research, and configurations that are commonly
used in gaming and visualization applications. We used a within-
subject design, with all subjects serving in all four conditions.
The same visualization stimuli and the same memory recall tasks
appeared in all four test conditions. Many design decisions were
considered for making our virtual environments as similar as
possible, balancing the relevance to our research direction with
rendering and navigation limitations for the different technolo-
gies. We also explicitly considered the safety of our observers,
and took user fatigue into consideration when deciding on the
number of conditions and the length of the experiment.

A. Creating Similar 3D Environments for 3D, VR and MR

The environments used in the 3D and VR conditions were
graphical replicas of the physical rooms used in the MR

TABLE I
RENDERING DETAILS FOR THE ROOMS USED IN THE 3D AND VR

Room Dimension  Nbr Vertexes  Texture size
Rest Area 6m x 12m 700k 12 Mb
Open-space  6m x 8m 45k 12 Mb
Office Sm x 7m 134k 10 mb

condition. We digitally captured three physical rooms (Rest
Area, Office and Open Space) and rendered them as full 3D
models. Fig. 2 shows a top view of the three digital rooms.
The numbers show the ten locations where the visualizations
were placed. The 3D geometry of the rooms, and the locations
of the visualizations, thus, were the same, in 3D, VR, and MR.
Observers viewed sets of visualizations embedded in 3D models
of their home environments, two in France and one in Belgium.
We chose rectangular rooms, ranging in area from 35 m? to 60
m? (see Table I). Every room displayed ten Isotypes: 2 on its two
short walls and three its two long walls (see Fig. 2). Every room
contained many functional and decorative objects like furniture
and also paintings or posters on the wall. This created complexity
in the scene which can provide visual landmark cues [44]. All
these items were displayed in the graphical environments (3D
and VR) and in the actual physical rooms (MR). In order to
scan the physical rooms and create their digital representation,
we applied the following method. We first removed from the
physical room all items whose location may be displaced by
chance over time. This helped us maintain the similarity between
the virtual and physical rooms over the course of the experiment,
which took many days. We performed the scan at night under
controlled lighting conditions.

We scanned the rooms with an iPad pro 12 with Lidar to
capture depth maps of the three physical rooms and store them
digitally. We captured the data with a 3D scanner App (https:
/Iwww.3dscannerapp.com/). The system captured the physical
shape of the room and created a 3D model, a connected triangle
mesh in 3D space, using MeshLab (https://www.meshlab.net/).
Finally, we exported the data in OBJ file format with vertex
descriptions (location and texture mapping) and corresponding
8 K texture files (JPEG file format). Thus, we mapped onto these
3D shapes a texture map consisting of images from the real room,
which were captured during the digitization process. The digital
rooms had the general shape and the visual appearance of their
physical counterparts (see Fig. 2). Our 3D and VR models were
not perfect replicas of the MR rooms, owing to the limits of sam-
pling. Nevertheless, all the main landmarks were present, and
the texture-mapped image captured the same visual information
as in the real room, making the digital rooms easy to recognize.
In order to limit potential platform-specific experimental bias,
we developed a common 3D visualization engine able to display
a room and floating images (i.e., data visualization billboards)
and let the users navigate in this environment. To address porta-
bility issues, we used a web-based development with threejs
(https://threejs.org/) release 132. Each modality had its own
navigation paradigm which was device-specific (see Fig. 3 for
details). To run our software, we used a 15-inch laptop under
windows 10 with 32 Gb memory and a RTX 3080 graphic card.
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B. Perceptual Affordances in 2D, 3D, VR and MR

The conditions we examined differed in many ways, and
provided different possible cues to support recall and under-
standing. We did not control all these cues experimentally, and
it is therefore beyond our scope to provide a formal test of
how these different factors participate in recall. Nevertheless we
have identified several perceptual dimensions along which our
conditions varied. Fig. 3 summarizes the physical characteristics
of the four conditions in our experiment. For 2D and 3D, the
stimuli were presented on a 30 x 50 cm screen, whose diagonal
subtended 51 degrees of visual angle, when viewed at 60 cm.
The observer scrolled the images (2D) or navigated around the
room (3D) via keystrokes. In VR and MR, the participants wore
headsets with limited field of view. In VR, the participants
were able to move their heads to view the whole 360-degree
environment in stereo, and used a joystick or key strokes to
navigate. With MR, the experiment was conducted in a real
room that provided full 360-degree visibility, in stereo, and
unrestricted locomotion. The Hololens 2 headset provided a
reduced visual angle for the holographic visualization of the
Isotypes (52 degrees). The spatial resolution of the Isotypes was
identical in all four conditions. In 3D, VR, and MR, they could
be zoomed into by changing the user’s point of view. In 3D,
the participant could move through a representation of the room
visually, which provided some sense of kinesthetic movement. In
VR, the participants could also move their heads, which provided
some direct kinesthetic cues. In MR, the navigation physically
involved the whole body, affording strong kinesthetic cues.

C. User Interface Design

In the 2D control condition, which provided no spatial cues,
the participant sat at the screen and used the keyboard to scroll
back and forth through the sequence of ten randomized Isotypes.
For 3D, VR and MR, the Isotype stimuli were rendered onto
ten locations along the walls of the 3D environment. In the 3D
condition, the observer was seated and viewed the rendered
room models with the embedded stimuli on a 1920 x 100
screen. Keystrokes were used to navigate the 3D model on a
computer screen. VR technologies differ considerably in their
methods for providing interaction and navigation [45]. Locomo-
tion Vault [46] provides a database and visualizations of over 100
navigation techniques in VR. For our VR condition, we used the
technology most commonly used for video games and other VR
applications, a technique di Luca et al. [46] call third person. In
third person, the user is seated on a chair, views the 3D room with
a head-mounted display, and navigates the virtual environment
at normal walking speed. Navigation is done with a joystick,
which appears at the location of the users’ hand in the virtual
environment. This technique provides a good balance between
providing natural navigation and good visual cues. We used the
HP Reverb B G1 head mounted display (90 hz frame rate, 2160 x
2160 pixels per eye or 4320 x 2160 pixels combined, 114 degrees
field of view, Fresnel-Aspherical). For our MR condition, the ten
Isotypes were superimposed digitally on the ten locations in each
room. Participants viewed the Isotypes through a head-mounted
display, and moved freely about the physical room. We used a

Hololens V2 (60 hz frame rate, 1440 x 936 pixels per eye, 52
degrees field of view).

D. Isotype Visualization Stimuli

Isotype visualizations(International System of Typographic
Picture Education) [3], pioneered by Otto Neurath [47]
are particularly memorable [4] and thus compelling for
our memorization experiments. In an isotype visualization,
the magnitude of a variable is represented by a stacked
set of pictographs, where each pictograph icon represents
a given quantity. Unitizing the data and mapping it onto a
concrete scale [48] provides a compact visual representation
of magnitude for different categories (e.g., different countries),
or for different levels of a continuous scale (e.g., different
years). In our experiments, participants viewed ten Isotype
visualizations in each of the four conditions (2D, 3D, VR, MR),
and were then asked to recall the topic, the order or location, and
semantic and syntactic features for each Isotype presented. We
created four sets of ten Isotypes, which were counterbalanced
across subjects, across the four conditions. We selected simple
data sets with time-varying or country-varying information. In
order to avoid memorability bias effects, we tried to balance the
salience of the icons and the topic choices. We also balanced
the shape of the data (e.g., whether the data were ascending,
descending, peaked (outlier) or flat (independent)), the topics
selected, and the units of measure. We first selected data from
the Our World In Data web site (https://ourworldindata.org/)
which contains many data sources classified by topic. We
extracted potential icons to create our Isotypes from The Noun
Projecticon source (https://thenounproject.com/). We internally
discussed the topics, the collected data, and the selected icons
in order to create four comparable sets of ten Isotypes. Table II
describes our Isotype stimuli.

E. Novel Isotype Generation Software

We designed our own system for producing Isotypes, in order
to have fine-grained control over the parameters, and ensure
homogeneity across the four sets of ten images. We grounded
our Isotype generator with previous work. Datalnk [49] enables
authors to draw a sketched icon and bind it to each row of a
data table. Datalllustrator [50] and DataQuilt [51] enables
authors to bind an icon to a visual element in a visualization.
These tools all used a textual description to automate image
generation. Our system used a simple markup syntax for the
title, the records, the legend, the icon and the document size. The
keyword tick represents the numerical value of one pictograph
and the keyword X axis is a textual value which will display the
legend. Our user interface is shown in Fig. 4, which depicts the
creation of an Isotype representing the popularity of different
pizza toppings. Using our software was especially useful to
iteratively adjust the number of icons to display.

IV. PROCEDURES

Sixteen volunteers (ten female, six male) participated in these
experiments, ranging in age from 22 to 44 (M = 29.47, SD =



TABLE I
CHARACTERISTICS OF THE FOUR SETS OF ISOTYPES USED IN OUR
EXPERIMENTS. THE TOP SECTION SHOWS THE ICONS USED IN EACH SET, THE
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Fig. 4. Our Isotype Generator software uses a simple descriptive language to

set the title and the size of the image (markup title, width and height). Records
are defined for corresponding icons and measures (markup Record, Icon and
Tick).

5.20). They were communication students, computer scientists,
researchers, and engineers, with some experience with virtual
technologies (they had all tried a Virtual Reality headset at
least once, and half had already tried a Mixed Reality headset).
Subjects were not paid, but were offered coffee and refresh-
ments, throughout. To comply with local COVID-19 policies,
participants wore their own face mask at all times and received
disposable gloves to wear during the study. Participants read
and signed a consent form and filled out a demographic ques-
tionnaire.

A. Pilot Experiments

To tune the parameters of our experiment, we conducted pilot
tests where we asked three participants to view and then recall in-
formation about Isotypes in the 2D, 3D, VR and MR conditions.
Our goal was to calibrate the number of test Isotypes and the time
to allow for memorization. We wanted the task to be sufficiently
difficult to avoid a ceiling effect, which would mask performance
differences between conditions, but not so long as to produce
fatigue. The choice of items to memorize was also informed by
Miller’s seminal magic number paper [52], which showed the
retention of 7-plus-or-minus-2 items in working memory [53].
Based on these pilot experiments, we decided to use 10-item
sets of Isotypes for each condition, and to have all participants
serve in all four conditions (within-subject design). We set the
viewing time to 5 minutes, since most pilot participants were
able to comfortably memorize all ten Isotypes within this time.

B. Experimental Design

The goal of these experiments was to measure recall per-
formance using four technologies that varied in the richness
of the exploration experience. Participants viewed 10 Isotype
visualizations in each condition. Each subject served in all
four conditions, and the order of the technologies, and the
order of Isotypes within each technology were counterbalanced
using a Latin square design. In our 2D condition, observers
were seated and viewed the ten Isotypes on a computer screen.
These Isotypes were ordered in a presentation and the observer
could scroll through the ordered sequence using keystrokes,
and could choose how long, and how frequently, to view each
chart. The three other conditions embedded this task within a
three-dimensional physical space. In the 3D condition, the ten
Isotypes were placed in a graphical model of a physical room,
with two or three of them presented on each wall. In 3D, users
sat in front of a computer screen and used keystrokes to navigate
from Isotype to Isotype. In VR, the same graphical room models
were viewed using a head-mounted display. A joystick and
standard control buttons were used to navigate from Isotype to
Isotype. In MR, the users navigated in the same physical rooms
used to create the graphical models used in the 3D and VR
conditions. In MR, the ten Isotypes appeared superimposed on
the physical space, in the same positions where they appeared
in the graphical models of that space. Our companion web page
https://christopheHurter.github.io/DataMemoryRecallXR/ pro-
vides a video that describes the experiment and shows the
participant’s visual experience in 2D, 3D, VR and MR. The
“study” tab shares all four Isotype stimulus sets and provides
the online experiment for 2D, 3D, and VR.

Counterbalancing of Conditions. In our experiments, visual-
ization recall was measured in 4 conditions (2D, 3D, VR, MR),
with 3 rooms (Rest area, Office, Openspace) and 4 stimulus
sets, each containing 10 unique Isotypes. To ensure that the
results were not tied to some particular aspects of the room, or its
3D model, the experiment was conducted using three different
rooms. By counterbalancing the order of the technologies and
the set of Isotypes viewed for each condition across subjects,
any effect of fatigue or learning, that could impact recall, would


https://christopheHurter.github.io/DataMemoryRecallXR/

differentially affect the results. The 64 trials total within our four
conditions:

2D € (Set[1, 2, 3, 4] + Arrangement[Linear])
3D € (Set[1, 2, 3, 4] + Roomsv irtualll, 2, 3])
VR € (Set[1, 2, 3, 4] + Roomsv irtuai[1, 2, 3])
MR € (Set[1, 2, 3, 4] + Rooms physical|1, 2, 3])

Overall, we collected data from 16 participants who served
in all four conditions, for a total of 64 trials. Some participants
expressed fatigue or dizziness and were not able to complete all
conditions. Their data were not included in the analysis.

C. Experimental Procedures

Each observer participated in a 2 hour session where they
viewed a set of 10 Isotype visualizations in four different en-
vironments (2D, 3D, VR, MR). For each set, they navigated
from image to image, at their own speed and discretion, with
an informal prompt from the researcher at the halfway point.
After each set, they were asked to recall as many Isotypes as
they could, and information about their position/location, shape
and details. The session began with coffee and refreshments and
an overview of the experimental design. They were told that
the purpose of the experiment was to help evaluate emerging
technologies. Before beginning, the experimenter explained the
structure of Isotype visualizations to the participants, and how
to read them. They explained that after viewing each set, the task
would be to report on the information they recalled, in particular:

® The Topic: a defining feature of the visualization, e.g., the

general topic, the label or the meaning of a symbol

® The Order: its position in the sequence for 2D; its location

in the room for 3D, VR and MR

® The Shape: the pattern or trend of the data, e.g., ascending,

descending, peaked or flat

® The Details: syntactic details about the Isotype, e.g., the

axis labels, units of measure

To ensure that the observers understood the Isotype repre-
sentation and the recall measures, we provided training on an
Isotype visualization not used in the experiment. After viewing
the visualization, there was a 2-minute delay, after which they
were asked to recall the topic, shape and details. All participants
were able to understand the Isotype data representation, the
recall process, and to recall detailed features like units or values.

Before each condition began, participants were encouraged to
adjust their seats and HMD devices so they could easily interact
with them. We also ensured that the observer was comfortable
with the technology and understood how to use the controls to
move from image to image. We also ensured that they knew
they could take a break if they experienced any dizziness or
queasiness, especially for the VR and MR conditions. This fa-
miliarization process took longest for the 3D and VR conditions,
especially for subjects who had limited previous experience with
the VR technologies.

After training and familiarization with the technologies, each
observer completed four conditions in counterbalanced order,
with each observer participating in 2D, 3D, VR, and MR. As
defined by our pilot study, we set the viewing time to 5 minutes.
However, we decided to allow up to an additional minute if

needed to visit all Isotypes. This extra time was used in just 4
cases, and with different technologies.

After each condition, the experimenter had a casual, 2 minute
conversation with the observer, to clear their short-term mem-
ory [54], followed by the recall phase, which lasted from 5 to
20 minutes, depending on the participant. In the recall phase,
observers were asked to recall the ten Isotypes with their loca-
tions, shapes, and details. During the recall phase, we allowed
participants to navigate in the environment they had previ-
ously experienced. However, no additional information about
the isotypes was provided. They viewed empty panels showing
A number from 1 to 10, instead of reviewing the Isotypes.
After completing all four conditions, participants were asked
to rank the 4 modalities by preference. We also interviewed the
participants to capture qualitative feedback about the modalities
and the overall experience.

D. Coding of the Responses

Fig. 6 outlines the criteria we used to code our data. Recall is
the percentage of the 10 Isotypes correctly recalled. Correctly
identifying the topic, the label, or the icon were coded as
correct responses. Order/Location is the percentage of Isotypes
correctly recalled where the order (2D) or spatial location (3D,
VR, MR) was also correctly recalled. For the 2D condition, we
measured whether the Isotype was recalled in its correct position
in the sequence; for 3D, VR, and MR, we measured whether it
was recalled in its correct location in the room. This was an exact
measure, and no credit was given, for example, for near misses.
Shape is the percentage of the Isotypes where the shape of the
data was correctly recalled. All valid descriptions of the shape
of the data were coded as correct, such as “ascending, “peaked,”
“trending upward,” “uniformly distributed,” etc. Details is a
count, for each Isotype, of the number of additional correct
details recalled. These included the recall of the country or
time represented along the y axis (“axis”), recall of the icon
representing the dependent variable (e.g., broccoli, book) and its
numerical value (“unit”), or the number of individual data values
(“single value™) or relationships (“comparisons’) recalled. For
example, a partipant would receive 8 detail points for the Isotype
of cat population by country (bottom left in Fig. 5) as follows: 1
cat unit [+1]; sorted by countries[+1]; three countries recalled—
USA [+1],Japan [+1], and France [+1]; USA shows 2 units [+1];
France 4 [+1]; Japan shows the maximum value [+1].

V. RESULTS

This section presents our results for the four display modes:
2D, 3D, VR, and MR. For each, we counted the number of
visualizations recalled (recall), the number of visualizations
recalled with correct order (2D) or location (3D, VR, MR), and
the number of semantic (shape), or syntactic (details) features
recalled.

A. Statistical Model

Since the count and frequency measurements for recall, order
and shape are not continuous, we analyzed our data using a
generalized linear model with mixed effects. We used a binomial
family of models to perform the order, recall and shape analyses.
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Fig. 5.

One of our four sets of ten Isotype visualizations (Set 1). Each Isotype is composed of a title, a legend and quantity for each of five independent variables

(time or country). Each Isotype was randomly ordered (2D) or randomly assigned to one of ten available locations in each room (3D, VR, MR), as shown in Fig. 2.

Measure Description Coding Criteria

Recall Percentage of Recall is correct if the observer
Isotypes correctly correctly identifies at least, one
recalled defining feature (the general topic,

the main icon, or title).

Order/ Percentage of For 2D, order recall is correct if the

Location Isotypes correctly observer identifies the precise
recalled with position in the sequence where a
correct order (2D) correctly-recalled Isotype occurred.
or location (3D,

VR, MR) For 3D, VR, and MR, isotype location
is correct if the observer identifies
the precise spatial location it
occupied in the room.

Shape Percentage of Shape recall is correct if the observer
Isotypes whose correctly identifies a feature of the
shape was data’s shape.
correctly recalled Examples: Ascending, Descending,

Flat, Outlier, etc.

Details Average number of | Details are additional correctly-
details recalled per | identified features of an Isotype.
Isotype Examples: the numerical value of an

icon, the axis label, the entities
compared, etc.
Fig. 6. Coding Criteria for the four perceptual measures: Recall, or-

der/location, shape and details.

This was a within-subjects design, with each participant serving
as his/her own control. Participants were considered as arandom
effect and the display mode (2D, 3D, VR, MR) as a fixed effect.
While order, shape, and recall are binomial values (1 for good
answer, 0 for bad), details contains the number of details the user
recalled (min:0, max:13, mean 3.11). For the details analyses, we
then applied a non-parametric Wilcoxon pairwise comparison
between the four conditions (2D, 3D, VR, MR). We applied the
standard alpha threshold of 0.05 to evaluate the effects adjusted
by the Bofferoni correction (n = 8). We performed our analysis
with SPSS Statistics V27.0.1. Statistical details are provided in

Fig. 8 and annotations in our graphical summary of our results
in Fig. 7.

B. Recall and Order

Fig. 7 compares our four measures of recall performance in
each of the four visual environments. The left-most panel shows
that the mean number of Isotype visualizations recalled (Recall)
was significantly higher in MR than with 2D, 3D or VR. MR
provides greatest advantage over 2D (p = 0.004), followed by
3D (p = 0.014) and then VR (p = 0.037). VR did not afford a
significant advantage over 2D or 3D. The second panel (Order),
shows that MR also afforded significantly better recall for the
position/location of the visualizations than the other display
modes. That is, when the participants were able to walk through
the environment, viewing the visualizations co-located with the
physical room, not only did they remember significantly more
Isotypes, but they recalled significantly more information about
their spatial location. Moreover, the order effects are stronger
than the simple recall results, significant at the p < 0.001 level
for MR versus 2D and 3D, and at the p = 0.004 level relative to
performance in VR. Although VR did not provide significantly
better recall for location than 3D, participant’s performance in
VR exceeded that of 2D, when the same visualizations were
viewed simply as an ordered sequence (p = 0.045).

Drill Down. Fig. 9 provides histograms of observer per-
formance at different criterion levels (x axis) for each of the
four technologies tested (rows). The left-hand column provides
Recall data; the right-hand column shows Recall with Order.
Polynomial curves fit to the data highlight the structure. Overall,
participants performed quite well in the recall condition (left-
hand column). This is not surprising since the task involved re-
calling simple features of a relatively small set of visualizations.
The MR condition afforded the highest performance level, with
all participant recalling at least six of the visualizations, and six
recalling all ten, suggesting a ceiling effect. We saw in Fig. 7 that
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Summary of the four types of recall measured for images in the four display conditions. The first panel shows the mean number of Isotype visualizations

recalled (Recall), whether or not the order or location was correct. The second panel shows the mean number of visualizations recalled at the correct location
(Order). The next two panels provide a deeper look into what was remembered. The third panel shows the mean of semantic features the participants remembered
about the visualization (Shape), and the fourth panel captures the mean number of syntactic details participants recalled (Details). Compared with the other display
modes, Mixed Reality provides significantly better Recall of Visualizations (Recall), Spatial Location (Order), Semantic Information about the meaning in the data

(Shape), and Syntactic Details (Details).

Condition | Results

Statistical Measures

Recall

MR provided significantly better recall
than 2D, 3D and VR

MR [Mean =0.87, Chi-Square=65.16]

2D [Mean = 0.73, Chi-Square=31.5, p=0.011]

MR> {2D, 3D, VR}

3D [Mean= 0.74, Chi-Square=33.05, p=0.014]

VR [Mean= 0.76, Chi-Square=37.81, p=0.037]

Order

MR provided significantly better recall
with order than 2D, 3D and VR

MR [Mean = 0.84, Chi-Square=58.55]
2D [Mean = 0.55, Chi-Square=1.59, p<0.001]

MR> {20, 3D, VR}

3D [Mean= 0.63, Chi-Square=9.78, p<0.001]

VR [Mean= 0.68, Chi-Square=20.04, p=0.004]

Order
VR provided significantly better recall VR>{2D}

with order than 2D

VR [Mean= 0.68, Chi-Square=20.04]

2D Mean = 0.55, Chi-Square=1.59, p=0.045]

Shape

MR provided significantly better shape
recall than 3D and VR

MR> {2D, 3D, VR}

MR [Mean = 0.71, Chi-Square=25.54]
2D [Mean = 0.57, Chi-Square=3.00, p=0.039]

3D [Mean= 0.46, Chi-Square=0.9, p<0.001]

VR [Mean= 0.49, Chi-Square=0.1, p<0.001]

Details
MR provided significantly better detail
recall than 2D, 3D and VR

MR> {20, 30}

MR [Mean = 3.11]

2D [Mean = 2.18, p=0.007]
3D [Mean= 1.88, p<0.001]

Fig. 8. Summary and details of our statistical results. We applied the standard
alpha threshold of 0.05 to evaluate the effects adjusted by the Bonferroni
correction (n = 8). The visual representation of these results is provided in
Fig. 7.

mean performance was significantly lower for 2D than for MR.
However, the histogram’s fine structure reveals that, like MR,
all observers recalled at least six of the ten stimuli correctly.
That is, although mean performance peaked around 7, none of
the observers in 2D did poorly in the recall task. That is, more
observers had lower recall scores in 3D and VR, where the spatial
cues were stronger than in the 2D environment. The right-hand
column reveals that, with the exception of MR, recalling order
was more difficult for the participants. The 2D order data are very
different from the 2D recall data. The distribution of responses
for order was quite flat, with many participant remembering the
order of just a few visualizations. That is, in a context without
spatial or kinesthetic cues, recall is high, but recall of order
is degraded. The distributions for 3D and VR are also broader
for the order task, with many low scores. The curve for the
VR condition is particularly flat. Three participants correctly
identified the order of all ten visualizations, but an equal number
could locate three or fewer. Memory for order in MR, on the
other hand, was similar to simple recall. All participants not
only correctly remembered over 60% of the visualizations, but
also remembered their spatial location.
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Fig. 9. Histograms showing the number of responses at each level of per-

formance for Recall and Order. For MR, 6 observers correctly recalled all
10 Isotypes. In MR and in 2D, all observers correctly recalled at least 6
visualizations. For Order, 5 observers remembered the order for all 10 Isotypes,
and all observers correctly ordered at least 6. This level of performance was not
observed for the other conditions.

C. Shape and Details

The right two panels of Fig. 7 are especially important for data
visualization, since they ask not only whether an Isotype visual-
ization, and its position, were recalled, but what the participant
remembered about the meaning of the data and relationships
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Fig. 10. Technology preference. Users ranked the technologies in order of
preference. 65 percent rated MR first, and all subjects rated MR either first or
second. VR was rated first by 35% of the participants, but many others rated it
second or third. Almost 70 percent rated 2D in last place, and 3D was consistently
rated third.

represented in the visualization. The Shape panel shows that MR
provided the best environment for recalling the semantic mean-
ing of the data. These data plot the percentage of Isotypes where
the participant recalled not only the topic of the visualization,
but how the variable represented was distributed or trending.
For example, did they recall that smoking per capita peaked in
the 60° s and 80’ s, or that Germany is the European country
represented with the highest production of potatoes? Or that
adoptions have been decreasing steadily in Switzerland? MR,
again, provided the best environment for recall. The advantage
of MR versus VR or 3D was significant at the p < 0.001 level;
and showed significant advantage over 2D (p = 0.039). That
is, information about the semantics of these visualizations was
encoded in long term memory, and retrieved more successfully
with the MR condition.

We also examined the degree to which participants recalled
syntactic features of the Isotypes they had memorized. Did they
recall the variable encoded along the y axis? The numerical
value of the icon represented? The country or date encoded along
the y axis? For each Isotype, we counted the sum of details
recalled for each display mode. Mean values are shown in the
Details panel (far right) in Fig. 7. The ability to recall details was
greatest in the MR environment. We did not observe a significant
difference between MR and VR, However, detail recall in MR
outperformed 3D (p < 0.001) and 2D (p = 0.007).

In summary, recall in MR exceeded performance in the other
display environments, in all other three measures. The cues
provided in MR enabled better recall of the topic of the visualiza-
tion, its spatial order, semantic shape, and details. The strongest
advantages were observed in recalling the spatial location where
the charts were viewed. Importantly, MR augmented the ability
to recall the semantic meaning being represented. VR, which
shares many of the same affordances of MR, provided consis-
tently lower performance than MR. The ability to recall spatial
order was greater in VR than in 2D, but no other advantages
were observed.

D. User Modality Preference

After running the four conditions, we asked users to rank
the 4 modalities (2D, 3D, VR, MR) in order of preference (see
Fig. 10). Fig. 10 shows each preference level (1 is highest), and
the proportion of ratings at that level for each technology. There
was a clear preference for MR. 100% of the participants rated

MR either first (65%) or second (40%). Some users mentioned
that the hololens provided an easy way to navigate in the en-
vironment and was “pleasing and fun to use”. On the opposite
side of the scale, almost 70% of the participants rated 2D last.
They commented that the 2D task as “boring and tedious”. VR
was rate first 45% of the time, with a second peak in responses
in the third position. Some complained about the navigation and
the potential discomfort in VR. They also complained about the
image quality in the VR environment and pointed out the lack
of details in the room. Most participants rated 3D in the third
position.

E. User Feedback

Mixed Reality Hololens (MR). In the training phase, we let
users spend the time they needed to feel confident and natural
with the navigation, using the floating panels (displaying only
the number and not the actual Isotype visualization). The size of
each floating panel was 1m50 x 1m50, so that the users facing it
at a distance of 1 m would be able to see and read the whole area
without being cropped by the reduced field of view. We asked
users if they felt any discomfort with the reduced device field
of view, but none reported an issue. No navigation issues ere
reported.

Head Mounted Display (VR). Users reported some discomfort
with the Virtual Reality device. A few experienced headaches,
which is a known issue with such device. In the training session,
we trained the participants in using the joystick to change point of
view, since this is a known difficulty. Still, five users mentioned
they found it difficult to navigate within the virtual environment
in VR. For this reason, every participant went through a training
phase before the experiment in which we asked them to face
every floating panel (displaying only a number and not the actual
Isotype visualization). While this takes time, we let every user
spend enough time practicing until they felt comfortable with
the environment.

Desktop 3D Experience (3D). Users all reported prior expe-
rience with 3D video games on computers or consoles. Prior
to the experiment, we had participants familiarize themselves
with our navigation keyboard setup: using arrow keys for for-
ward/backward movement and turning, with an optional mouse
mode for those who preferred it. This mouse mode enables
users to adjust their point of view by clicking and dragging the
mouse. While this mouse-based approach is common in many
games, only three users opted for it. Some users encountered
challenges in navigating and orienting themselves toward Iso-
type visualizations. To address this, we provided these users
with extra time to adapt to the 3D environment navigation.
Ultimately, all participants were successful in facing the floating
panels.

Desktop 2D Experience (2D). This task, which we considered
as our baseline, showed an ordered list of ten Isotypes visualiza-
tions users had to remember. No users expressed any difficulty
with the navigation nor with the task to performed. Some users
reported that this task was easy since this is something they are
used to doing when learning charts or maps at school. Some users
also reported that they applied specific memorization techniques



to improve their performance. Some memorised the first five
images and then the last five, thus creating two different sets
of images. One user also reported that he mentally ordered the
images with icon associations and tried to build a story to better
remember the image order. This memorization strategy only
occurred with this 2D condition.

VI. DISCUSSION

The goal of this research is to explore how different spatial
environments affect the abilty to recall information about data
visualizations. We used a classic recall memory protocol, where
participants memorize a set of objects, and at a later time, recall
the objects and their features. We measured not only the number
of Isotype visualizations recalled (Recall), but also asked them
to pay attention to, and recall their spatial arrangement (Order),
syntactic features (Details), e.g., units of measure, axes, etc.,
and most importantly, their semantic (Shape) features, which
contribute to interpreting the meaning of the data. To do so,
we tested recall memory for Isotype visualizations in carefully
controlled 2D, 3D, VR and MR environments. We found (Fig. 7)
that participants were able to recall significantly more Isotype
visualizations, significantly more locations, and significantly
more semantic information about the visualizations in MR than
in 2D, 3D, and VR. Recall of details was also significantly higher
in MR than in 2D or 3D (but not VR). 3D was significantly better
than 2D for recalling Isotype position. In this section, we discuss
how these four technologies could facilitate recall memory,
highlighting perceptual processes that might be involved. We
explore the advantages of MR technology, since it provided such
strong benefit in recalling the topic, location, shape and details
of the Isotypes. We also discuss why results in our VR condition
did not show the same advantage. In particular, we examine the
role of physical navigation and kinesthetic cues in enhancing
spatial memory.

Presence and Immersiveness. Presence deals with the sub-
jective feeling the user has of being transported into another
environment, and can include feelings of engagement, attention
and enjoyment. Presence in a VR environment can be described
as the sense of being in a virtually mediated location instead of
being in the real location [55] (the place the person is actually lo-
cated in). Smith [1] points out that Immersiveness and Presence
are often used interchangeably, but commonly, immersiveness
refers to the objective aspects of the environment. Environments
with greater presence subtend larger fields of view, offer stereo
depth cues, and immerse the user in the visual experience. In
our experiments, VR and MR provided greater presence. In
both, large visual fields with high spatial resolution provided
greater spatial context, and both provided stereo depth cues
and egocentric navigation. However, while performance in MR
exceeded recall in 2D and 3D in all measures, performance in
the VR condition was not uniformly superior, despite increased
presence. While VR can improve user experiences, some re-
search reports have provided mitigating results. For instance,
Roettl et al. [56] showed in the context of video games, that
recall for embedded brand logos was better in the 2D/3D than
in VR conditions.

Situated Analytics and Spatial Embodiment. The concept of
Situated Analytics refers to the usage of data representations
in relation to objects, places, or persons in the physical world
for the purpose of improved reasoning [57]. A tight relationship
between data and its environment, i.e., Spatial Embodiment, can
help in supporting spatial reasoning [21]. Tasks requiring not
just object recall, but recall of location, would be expected to
benefit from this spatial embodiment. Superior performance in
our MR condition, especially for recalling order, is consistent
with this explanation. Krokos et al. [6] demonstrated that people
immersed in VR better recalled images of people compare to
3D or 2D. We expected these empirical results to transfer from
photographs to data visualization, as both rely on memorizing
pictorial information. Like faces, Isotype visualizations, with
their pictorial icons, provide strong recognition memory [15],
which was a factor in our selecting these as our stimuli. However,
in the simple recall condition, which is most comparable to the
face recall task in Krokos et al. performance in VR was not
better than in 2D or 3D. This may be because in that experiment,
participants were only provided a HMD to control changes in
viewpoint. In our VR condition, we provided participants with
controls to change their position and viewpoint in the virtual
world, providing a richer 3D spatial experience. We did find
that recalling the order of the visualizations was significantly
better in VR than in 2D, which suggests that participants in both
experiments were making use of spatial cues in VR, which were
not present in the 2D.

Physical Navigation and Kinesthetic Memory. Experiencing
one’s body and its movement may improve recall by helping the
observer encode information through physical movement and its
associated kinesthetic cues [34]. In our experiments, the degree
of kinesthetic contribution varied from condition to condition.
In the 2D case, the visualizations were simple screen images and
there were no 3D or kinesthetic cues. In the 3D condition, the
observer could change their point-of-view, and perhaps imagine
moving, but there were no explicit movement or kinesthetic cues.
In the VR condition, the user could navigate virtually to each
isotype location and move their heads to navigate. The projection
of the 3D room changed as if the user were walking, providing
implicit kinesthetic cues, since the optical flow matched the
movement path. The MR condition provided explicit kinesthetic
cues, since the observer was free to locomote freely through the
physical space. For the three 3D conditions, performance tended
to improve monotonically as the level of kinesthetic experience
increased. These differences, however, were not all significant.
Performance for recall, order, and shape was significantly better
for MR than for the other technologies, and significantly better
than 3D for details. One possible explanation of these results
is that the act of physically moving through space enabled the
observers to take advantage of their kinesthetic memory while
examining the objects, and that these kinesthetic cues might
also have been reinforced as they moved through space, again,
to recall information at specific locations. This hypothesis is
consistent with our results, but is not conclusive. To test the
kinesthetic hypothesis, it would be valuable, in future research,
to measure recall for visualizations in a Virtual Reality envi-
ronment where the observer could locomote freely, adding an



explicit kinesthetic component to the exploration. It would also
be interesting to provide controlled levels of locomotion in VR
and MR. Experiments like Vielledent et al. [34], who explored
the parameter space for visual imagery in memory, provides a
useful model for studying the effects of kinesthetic memory in
visualization.

The Role of Location in Memory Recall. The method of
loci (memory palace) phenomenon demonstrates remarkable
increases in recall if objects are linked to specific spatial lo-
cations [12]. In real-world situations, spatial location plays a
large role in directing behavior. This effect is so strong that
grocery stores routinely rearrange product positions to disrupt
the mapping between an item and its remembered spatial lo-
cation, forcing shoppers to visit more aisles and hopefully add
additional items to their carts [58]. Virtual shopping applica-
tions typically provide hierarchical product search, but some
are starting to provide spatial metaphors and virtual shopping
experiences [59]. With visualization systems, information can
be placed in arbitrary spatial locations on a screen or a wall.
Recent guidance for creating data dashboards recommends
spatially-consistent configurations to aid users with navigation
and data reasoning [60]. The role of spatial linking has been
demonstrated for remembering faces [6] and our experiments
extend the exploration of memory and spatial location for data
visualization in 3D, VR and MR.

VII. FUTURE RESEARCH DIRECTIONS

Beyond Isotypes. In this study, we limited our material to
Isotype visualizations. We selected this data representation
because they are composed of graphical entities (icons) that
directly represent physical objects. Future work could explore
other types of visualization, composed of more abstracts shapes,
such as scatterplots, networks, 3-D geographic models, etc, to
investigate whether our results with Isotypes generalizes to the
memorization and recall of other visualization type.

Extending VR. In our experiments, the 3D and VR environ-
ments were created to match the room in MR, making them as
close to reality as possible. In this configuration, MR fostered
better recall than 3D and VR. Although these digital models
were similar to the real room, both in shape and in texture, there
were unavoidable sampling errors. Future work could certainly
investigate creating even more accurate renderings, which might
provide more engaging and potentially memorable experiences.
In our experiments, participants in the VR condition were seated
with a head-mounted display, and navigated through the room
via a joystick, keystrokes and head motion. For future work,
we could repeat these experiments using a VR paradigm that
afforded full movement, allowing the participant to physically
move through the space using full kinesthetic motion cues.
In addition, future experiments could tap more fully into the
potential of VR. For example, in our experiments, the Isotypes
in 3D, VR and MR were akin to billboards. In VR, they could
be transformed into fields of virtual objects that people could
walk into [61]. Also, VR can dramatically change what the
reality is, potentially providing more magical and perhaps more
memorable environments. VR can also incorporate dramatically

different virtual spaces, such as transporting users to different
locations [62], providing more effective memory palaces. VR
might also be capable of enhancing memory by changing the
viewers’ perception of their body [63], or by providing different
navigation experiences such as jumping or teleportation [64].

Extending MR. Our experiments controlled the visual aspects
of the environment. Future research could explore how other
sensory information might contribute. This could be accom-
plished by running a Physical Reality condition, where physical
billboards of Isotypes would be placed in a physical room. We
can also envision experiments in which participants could hear
or smell or touch an aspect of the environment, which could help
them anchor a particular memory to a particular location; novel
sonification [65], olfactory [66] or even taste [67] cues could
potentially produce even stronger recall.

Extended Experimental Conditions and Controls. When de-
signing our experiments, we considered using supplementary
cognitive tests. For example, participants could be tested for
spatial reasoning. Cognitive load could be tested using NASA-
TLX. Since the experiment was already long and challenging,
we did not include these measures. Recording physiological
meausurements (i.e., electroencephalogram (EEG), Functional
near-infrared spectroscopy (fNIRS),and eye tracking [68]) could
also be an interesting direction for future work.

Future Directions for Spatial Reasoning. Our work provides
valuable insights into the factors influencing the impact of
locomotion, guiding future research in this area. Locomotion
Vault [46] shows many opportunities for testing various lo-
comotion paradigms in VR, which would be interesting for
future research. Another interesting direction for future research
would be to examine individual differences in spatial reasoning.
Mayer and Sims [69] argued that high spatial ability learners
should benefit more from 3D environments since they would
require less cognitive effort to perform the tasks. In our data, all
participants recalled the order of at least 6 of the 10 Isotypes in
MR, and 5 recalled the order of all 10. Future research could
test whether these subjects who seemed to benefit so strongly
from the MR environment, indeed, had higher levels of spatial
reasoning.

VIII. CONCLUSION

This research investigates how different display modes affect
how we encode and recall the information in data visualizations.
We constructed four viewing modalities for displaying Isotype
visualizations. In 2D, the visualizations were presented in an
ordered sequence on a 2D display. In 3D, VR and MR, visual-
izations were anchored in the same 3D environment, which was
either virtual or physical. In MR, participants outperformed the
other techniques in simple recall (the number of visualization
remembered), in recall of the spatial location where the Isotype
appeared, and in recall of the semantic shape of the data. There
was no significant difference in recall of syntactic details be-
tween VR and MR, but we observed significantly higher detail
recall in MR versus 2D or 3D. Recall of order was significantly
better in VR than in 2D, but no other advantages of VR were
uncovered. MR was also the most highly preferred environment.



This research highlights the importance of advanced immer-
sive technologies for visual data analysis. We showed that the
MR environment not only increased simple recall of Isotypes,
but provided superior performance in remembering the spatial
locations of the data, and the analytical meaning portrayed.
There is a clear link between remembering location and remem-
bering key information about the data, such as whether there is
a descending or descending trend, a peak or an outlier. We think
this result is promising, especially for situations where advanced
technologies might be used to support analytical thinking [42].
For example, many spatially-oriented applications currently rely
on VR such as pilot training or managing a complex control
system. Allowing the analyst to move freely through an MR
environment, providing key information superimposed visually
in key locations, might enhance recall of critical data and rela-
tionships. Another promising avenue would be to enhance data-
driven storytelling [70], where the goal is to engage the audience
and communicate memorable sequences of information.

Finally, this work highlights the role of moving through space,
kinesthetic motion, for improving recall. Teaching activities in
front of a computer can miss utilizing important human skills
associated with kinesthetic motion. In this sense, this work
extends the usages of MR technologies for educational purposes,
using user motion to improve data exploration, understanding
and recall. In our experiments, Mixed Reality provided superior
recall of visualization objects, their locations, structure and
meaning. These findings pave the way for future research into the
use of MR in visualization applications where data are spatially
arrayed, or where remembering order is important.
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