
Immersive Space to Think: the Role of 3D Immersive Space in
Sensemaking of Textual Data

Fig. 1. The view from within Immersive Space to Think (IST) of a user performing a sensemaking task (left side). The user is arranging the documents in
temporal order. Photograph of the user with Oculus headset and controllers (right side).

Sensemaking of large textual information is a cognitively intensive task.
Prior work has shown the value of large 2D high-resolution-display spaces
in supporting the sensemaking process, by providing a “Space to Think”
in which analysts can organize information and externalize their thought
process. In this paper, we investigate how analysts use 3D immersive spaces
for the same task. To this end, we conducted a user study where participants
were asked to solve an intelligence analysis task using an Immersive Space
to Think (IST) in a 3D virtual environment using an HMD. The study results
show that the concepts of Space to Think extend naturally to 3D immersive
space and that the 3D space offers some additional opportunities. With
immersive space, analysts i) organized in a surrounding virtual sphere, ii)
exploited the depth dimension for encoding relevance, and iii) traded-off
between physical navigation and occlusion.

CCS Concepts: • Human-centered computing → Visualization; Empir-
ical studies in visualization.

Additional Key Words and Phrases: Sensemaking, visual analytics, 3D im-
mersive space, immersive displays, cognition, embodiment, spatial memory

1 INTRODUCTION
Sensemaking is a process that involves comprehending complex in-
formation, analyzing that information, and then drawing inferences
from the information [Anderson 1983]. For example, intelligence
analysts often need to analyze collections of text documents, cat-
egorize the documents, extract common themes, and then infer
conclusions from the content they have structured. This process
is often challenging, as these document collections are typically
unstructured and ambiguous. Tools like search engines or visualiza-
tions provide support to these analysts in the form of assistance in
foraging for relevant information through actions such as searching

through data, filtering data, or even finding connections between
data artifacts. However, synthesizing this foraged information into
meaningful conclusions and testing related hypotheses requires
both human intuition and understanding, both of which involve
significant cognitive activity.
Prior work by Andrews et al. [2010] has shown the significance

of using large, high-resolution display spaces for synthesizing in-
formation during sensemaking Such displays provide analysts with
a 2-dimensional (2D) “space to think” that can be used as a form of
external memory and an added semantic layer. 3-dimensional (3D)
immersive displays, in contrast, afford a potentially richer space, and
offer users a sense of presence or “being there” with the data [Slater
2009]. Furthermore, 3D displays allow for natural interaction meth-
ods for users to manipulate virtual objects such as text documents or
images. Additionally, studies conducted by Dingler et al. [2018], Iyer
et al. [2017] and Grout et al. [2015] have shown promising results
in visualizing text within 3D immersive environments. Therefore,
these displays should be investigated to determine their ability to
enhance sensemaking processes for textual datasets. In our study,
we seek to answer the question: How do the principles of space to
think extend to 3D immersive spaces?
With the rapid advancement of immersive displays and input

technologies, as well as the availability of inexpensive virtual reality
(VR) head-mounted displays (HMDs) (such as the Oculus Rift or
HTC VIVE), visualization researchers are exploring new ways to
visualize, analyze, and interact with data [Chandler et al. 2015]. One
clear benefit of immersive displays is that they provide a physical
space as a medium to visualize information, potentially providing
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more space to the user through depth [Donalek et al. 2014]. This
space can be accessible through natural physical navigation, such
as walking, or through simple virtual interactions, such as tele-
portation [Bozgeyikli et al. 2016]. Similarly, large 2D wall displays
offer physical navigation through being large enough to walk along-
side and virtual navigation through zooming and panning [Ball
et al. 2007]. The results of Ball et al.’s study indicated that physical
navigation improved user performance in rapidly navigating and
understanding data in comparison to virtual navigation. Hence, the
motivation of our work to investigate how using 3D environments
and interaction techniques could provide similar or added benefits
in the sensemaking process.

To this end, we conducted a study similar to Andrews et al. [2010],
but instead using 3D space. We developed Immersive Space to Think
(IST), an HMD-based VR system, to conduct a study in which users
were asked to solve an intelligence analysis task. We address the
following research questions:

• RQ1:How do analysts use the 3D immersive space to support
their sensemaking processes?

• RQ2: How do analysts organize textual data in a 3D immer-
sive space, and what spatial cues do they use for organization?

• RQ3: What type of physical navigations and interactions
do analysts perform in the 3D immersive space during their
sensemaking processes?

The results of the study indicate that the principles of space to think,
namely external memory and semantic layer, extended naturally to
3D immersive spaces. Analysts also made use of the depth dimen-
sion and the surrounding nature of the space to organize, create
subspaces, and encode relevance. However, IST did suffer from limi-
tations imposed by the headset, such as the headset’s cable wiring
which could be overcome by future iterations of HMDs. Our results
suggest new opportunities for the use of 3D immersive space for
sensemaking.

2 RELATED WORK
Our work spans three related areas: sensemaking of textual data;
the role of space, cognition and spatial memory; and the support of
a 3D immersive environment for visual analytics.

2.1 Sensemaking of Textual Data
Sensemaking is a broad term that can have multiple definitions.
Weick et al. [2005] state that sensemaking involves taking explicit
data from a situation to form an argument for a solution. In contrast,
Stasko et al. [2008] defined sensemaking as the ability to understand
the relationships between data artifacts in a large dataset. Further-
more, Pirolli and Card [2005] divided sensemaking in intelligence
analysis tasks such as ours into two sub-loops: the foraging loop and
the sensemaking loop. In this model, the foraging loop involves dis-
covering new information, while the sensemaking loop synthesizes
the information into structured hypotheses. This series of analytical
steps can be used by analysts to convert raw data into an underlying
theory of what the dataset conveys. Turning datasets of information
into meaningful hypotheses is a cognitively intensive task [Andrews
et al. 2010]. This process requires both human judgment and analyti-
cal reasoning to draw conclusions from the data. Therefore, any way
to reduce this workload is beneficial. The IST prototype purports to

solve this by allowing analysts to externalize their cognition and
reduce the cognitive workload involved in sensemaking.

2.2 Space, Cognition and Spatial Memory
Andrews et al. [2010] have shown that space plays a meaningful role
in sensemaking, providing analysts a means to incrementally orga-
nize hypotheses and evidence spatially. Analysts used the physical
space provided by 2D large, high-resolution displays as a form of
distributed cognition. The theory of distributed cognition highlights
the idea that cognition encompasses more than an individual mind.
The theory suggests external representations such as objects or
symbols serve as artifacts of internal relationships [Rogers and Ellis
1994]. The use of the space as a form of external representation and
efficient information synthesis led to their “Space to Think” concept.
Also, Robertson et al. [Robertson et al. 1998] have shown how Data
Mountain leveraged spatial memory for document arrangement.
Cockburn and McKenzie [Cockburn and McKenzie 2002] have in-
vestigated the effectiveness of spatial memory in 3D interfaces for
information retrieval task.

An additional fundamental principle related to distributed cogni-
tion is embodied cognition [Wilson 2002]. The theory of embodied
cognition integrates the physical body and the environment with
internal resources. It reflects how body influences cognition. Ac-
cording to Andrews et al., embodied cognition allows physical navi-
gation to provide more meaning to locations. This meaning allows
users to offload cognition and create understanding based on their
workspace [Andrews and North 2012]. Chung et al. [Chung and
North 2018; Chung et al. 2014] and Hamilton et al. [2014] demon-
strated how the benefits of “space to think” extend to more complex
spaces containing multiple 2D displays and devices. Several other
tools, methods, and approaches have been proposed to assist ana-
lysts in sensemaking with textual datasets [Bier et al. 2006; Endert
et al. 2013; Fiaux et al. 2013; Stasko et al. 2008] in 2D. However, the
exploration of the 3D immersive environment as a physical medium
for sensemaking have yet to be as thoroughly explored.

2.3 3D Immersion for Visual Analytics
With the advent of VR systems and the increase in data volume,
visualization researchers have been investigating the potential of
immersion for visualizations and analytics. This new research do-
main has been coined as Immersive Analytics [Chandler et al. 2015].
In VR, the terms immersion and presence can have multiple mean-
ings. Our research uses Raja et al.’s [2004] definition of immersion:
how much the virtual environment encompasses the user and their
interactions. Furthermore, we use Witmer et al.’s [1998] definition
of presence in immersion, and how it is often related to sense of
being in an environment without physically being located in that
environment.
VR systems provide novel ways of interacting with data which

affects the degree of engagement and productivity. Raja et al. [2004]
have shown the benefits of immersion in abstract data visualization
through a user study comparing a 2D representation of data to an
immersive CAVE representation with and without head-tracking.
Their work found that the immersive experience with head tracking
was the most useful variant to users. Cordeil et al. [2017] proposed
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an HMD-based VR visualization system ImAxes to analyze multi-
variate data using fluid modeless interaction. Their system is based
on arranging embodied data axes in 3D space. Filho et al. [2018]
proposed a different HMD-based immersive analytics approach to
analyze multidimensional data. They also found that their approach
required less effort to find and navigate through information than
traditional desktop versions. Kwon et al. [2016] show the poten-
tial advantages of visualizing graphs in an immersive environment
as compared to 2D desktop. Donalek et al. [2014] proposed a VR
visualization system, iViz, for collaborative analysis of abstract data.

Nguyen et al. [2016] stated that immersion naturally facilitates vi-
sual perception which can help quickly identify qualities of datasets.
This would suggest a need for immersive tools for visual analytics
to support sensemaking such as our IST prototype. The initial evi-
dence from the Andrews et al.’s [2010] “Space to Think” study could
suggest the value of immersion for cognitively intensive tasks like
sensemaking. Our intent in this study was not to simply visualize
textual data in a 3D immersive environment. Rather, we sought to
investigate the role of 3D immersive space in enabling interactive
organizing of textual data beyond what is offered by large 2D high-
resolutions displays. While many have explored the use of 3D for
data visualization, we posit that a greater potential of 3D might be
discovered for sensemaking tasks that involve interactive synthesis
activity.
3 STUDY
The primary goal of this study was to explore how Andrews et al.’s
study conducted in 2D [Andrews et al. 2010] can be extended to 3D
immersive space. Specifically, we wanted to explore whether 3D
immersive space provides additional advantages in sensemaking of
textual data as compared to the capabilities of a 2D space.

3.1 Prototype
To enable our investigation, we developed Immersive Space to Think
(IST), a replica of (2D) “Space to Think” in 3D immersive environ-
ment. IST is a simple HMD-based immersive display prototype that
supports interactively organizing a number of short textual docu-
ments.

3.1.1 Technical Details. IST is implemented in the Unity 3D en-
gine and can be used with any VR headset and tracked controllers
compatible with Unity. In this study, we integrated IST with the
Oculus Rift DK2 VR headset and controllers. Oculus Rift provides a
3D interaction space equivalent to the size of a room, in which users
can move and interact with their full bodies. We used three Oculus
sensors for room scale tracking. Two sensors were kept in front of
the user and one at the back, permitting the users to walk around
within the immersive environment with full 360 degree rotation.
We used a Windows 10 PC with an i7 CPU and a Nvidia GeForce
GTX 1060 graphics card to power the HMD.

3.1.2 Design Rationale. When designing IST, we considered the
following design issues.
Visualize the textual data similar to Andrews’ study- As

stated earlier, the goal of this study was to try to replicate the prior
2D study as similar as possible. Hence, we decided to choose black
text with white background. We conducted pilot studies to find the

most suitable font size and scale of the text for users. The average
was 17 font size, with a scale of 0.02. Most of the pilots preferred
“Arial” font style as compared to “Times New Roman” fonts. Within
IST, each document is displayed as a thin white slate. Each slate is
sized to view the full document text. Each of the text documents
are a single paragraph in length, so no scrolling was needed within
the slates. In general, subjects reported the documents to be easily
readable at arms length. The minimum and maximum convergence
distance were 0.8m and 2.2m approximately. By convergence dis-
tance, we mean minimum and maximum distance within which
analysts can read the text within IST comfortably. Since, Oculus
DK2 has a focal distance of 1.3m, we placed the initial documents
not too beyond this. This was to avoid vergence-accommodation mis-
match, which often leads to fatigue [Shibata et al. 2011]. However,
users in the pilot study reported seeing some jitter of the text while
reading further beyond the convergence range. Figure 2 shows the
initial arrangement of documents that an analyst sees through the
Oculus headset. Figure 1 shows the view from within IST (left side)
as a user (right side) performs the sensemaking task.

Replicate similar interactions used in Andrews’ 2D study-
In order to investigate similar tasks from the prior 2D study, de-
signing similar document interactions from 2D to 3D was one of
the key design aspect of the prototype. In order to do so, we used
direct manipulation of the documents within the 3D environment
using the accompanying Oculus Touch controllers. We offered only
minimal interactions for manipulating the documents inside 3D im-
mersive environment, similar to prior Space to Think. In Andrews
et al.’s study, documents could be moved from one point to another
within the 2D space. Additionally, documents could be resized. The
drag-and-drop interaction replicated moving document within 2D
space from one point to another with help of mouse. This interac-
tion allows movement of documents within 3D immersive space
with two steps. First, a user points to the document that needs to be
moved. Pointing is achieved with ray-casting. Next, the user needs
to press the index trigger button of controller to grab it, and drag
the document by pointing the ray elsewhere, and release the trigger
to drop it. When dragging, the document maintains its distance and
orientation with respect to the ray.

Facilitate minimal additional capabilities to navigate the
documents within 3D immersive space- The scale interaction
replicated the document resize interaction of 2D. Users can en-
large/reduce the size of documents. Due to the difference in the 2D
and 3D environment we had to provide additional interaction capa-
bilities to achieve the scale interaction. Scaling documents could be
achieved using two-handed interaction. Users need to point to the
desired document with both the controllers. Then press both hand
trigger buttons and move the hands away/close to each other for en-
larging/reducing the document scale. In order to replicate occlusion
within documents in 2D, and to allow for full use of the 3D space,
we integrated Push/Pull interaction. When grabbed, documents can
be pushed away/ pulled towards the user using the joysticks on the
controllers.

3.2 Study Design
Andrews et al. conducted two studies - a) comparative study and b)
analyst study. The comparative study is irrelevant to our research
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Fig. 2. Initial arrangement of documents within IST. The collection of docu-
ments was stacked in a pile.

goals as it dealt with comparing the performance across analyst’s
system and a conventional monitor. The goal of our research is
more focused on replicating the analyst’s study from Andrews et
al.’s work. The goal of their analyst study was to closely observe
how analysts use the 2D space available on a large high-resolution
display in a sensemaking task. This study exactly aligns with our
research goal of investigating how analysts use the 3D immersive
space to organize documents when performing analytic synthesis
task. We conducted an exploratory study using IST for this investi-
gation. Qualitative data was collected in form of screen recordings,
observations, pre-study questionnaires, semi-structured interviews,
and notes. Quantitative data was collected from log files. All sessions
were recorded on video.

3.3 Dataset
The dataset (called Sign of the Crescent) consisted of 31 textual
documents containing paragraph-sized intelligence reports. These
documents contained information about a fictional coordinated ter-
rorist plot in three cities of the United States. This dataset has been
successfully used in previous sensemaking study [Robinson 2011].
Each document contained between 4–15 sentences. The original
dataset contained 41 documents, however, our pilot study results
revealed that sensemaking with 41 documents took 1.5 hours on
average. All pilot users reported that wearing the headset and per-
forming the cognitively intensive task for 1.5 hours was too tiring.
Therefore, we eliminated 10 of these documents that contained su-
perfluous distractors (not containing any relevant information to the
solution) to reduce the time required to complete the task. The pilot
study with this dataset revealed that the majority of the users could
identify these distractors and arranged these 10 documents in the
irrelevant set. Hence, elimination of these documents didn’t bring
significant changes to their solutions and instead helped in reducing
the task completion time as users had to read fewer documents.

3.4 Participants
Although, Andrews et al.’s analyst study was performed with five
participants, our study exceeded this number due to the change
in environment and participant background. Our study included

eight participants (six males, two females) who completed the study.
The participants were between the age of 21 and 28 (M = 24.75, SD
= 1.98). Each participant was compensated for participation with
US$10. All participants were Computer Science students, with six
graduate students and two undergraduate students. All the partic-
ipants had taken a data visualization course before and had prior
experience with similar sensemaking tasks. 7 participants had previ-
ous experience with HMDs, but none of them had prior experience
with IST.

Four additional participants (whose results are not presented)
quit during the study. None of them had prior experience with VR.
Three of them reported headset discomfort resulted from wearing
glasses, and one of them reported discomfort in physical navigation
due to inability to view the surrounding real world. However, it is
interesting to note that one pilot study user wearing glasses was
successful. The size/type of glasses, or the variance in individual
comfort zone while wearing glasses and the headset simultaneously,
or outdated eye power, might have played a role in the behaviour
differences. We did not include these four in the results analysis.

3.5 Procedure and Task
The study was split into five stages: (1) Understanding the content
and procedures of the study; (2) Pre-study questionnaire; (3) Per-
forming the sensemaking task with IST; (4) Providing responses to
four questions regarding the terrorist plot; (5) Providing explanation
about the organizational structure and their use of 3D immersive
space. The full study procedure took about 1.5 hours. At the begin-
ning of the experiment, we gave a brief description of the study
process to all participants. After this, participants answered a back-
ground questionnaire containing questions about their gender, age,
major, study level, and experience with VR. A demo of IST was
provided to all participants, using a separate dataset of four docu-
ments to demonstrate all features of IST. Participants were asked
to use the demo scene to get acquainted with the navigation and
interactions. This took about seven minutes on average. Participants
were not given any instructions on strategies to use the space for
sensemaking. In the third stage, participants were asked to act as
an analyst and investigate the dataset to identify the underlying
terrorist plot. This was a similar task to that previously used by
Andrews [2010] and Robinson [2011] for sensemaking.

The participants were asked to consider four questions while
exploring the document collection: (1)What is the secret terrorist
plot? (2)Who is involved in it? (3)Where is it going to happen? (4)
When will it happen? Participants had 60 minutes to complete the
study. At the end of the study, participants provided their answers to
these four questions. Additionally, we asked participants to describe
their analysis, and interviewed them on their experience with IST
and spatial structures they created.

4 RESULTS
Similar to Andrews et al.’s study, initially, we used an inductive
approach for analyzing the qualitative data from participant ob-
servation, screenshots, recordings, and the post-interview notes.
Wherever possible, we also used quantifiable data to bolster the
qualitative results. As we examined the notes and observations,
we could identify potential categories, participants’ strategies, and
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Fig. 3. A visualization of the approximate outer edge of the final IST
workspaces created by each participant from a top-down perspective. Par-
ticipants primarily arranged documents on various portions of a virtual
sphere around themselves with documents facing inward. The dashed blue
straight line indicates the initial distance between the documents and the
analyst.

spatial structures in the analysis process. Detailed analysis from
videos and screen captures were used as supplements to interview
notes to further dig into the findings. At a later stage of the anal-
ysis, a qualitative approach was used to group the strategies into
categories.

4.1 Use of 3D immersive space
In this subsection, we present the findings from: (1) the last state of
the 3D immersive space at the end of each study, and (2) the post-
interview where all of the participants explained both how they
used the overall 3D immersive space, as well as how they treated
each area of the 3D immersive space. The purpose of these findings
is to evaluate how analysts used the 3D space (RQ1).

4.1.1 Spatial surfaces. One of the primary purposes of our study
is to investigate how the participants perceived the 3D immersive
space. Therefore, we need to understand how the participants used
the 3D immersive space overall – both which portions and how
much of space participants used to organize the documents. The
participants were afforded the freedom to place the documents any-
where in the available 3D space within their reach, either physically
or virtually through the controllers using a raycasting technique.
Figure 3 shows an overview of the spaces create by each participant.
All measures provided in the figure and this section are approximate.

We found two types of spatial surfaces constructed by partici-
pants: virtual sphere and virtual curved wall. (P1, P3–P8) created a
virtual sphere, except for P2 who created a virtual curved wall. For
those who created a virtual sphere, they organized the documents
around them, with the user at the center and documents facing
inward, with documents covering some portion of the sphere. The
spheres were distinct for each participant. The radius of the sphere
ranged between 0.8–3.8m. All measures provided are from the cen-
tral position of the participants to the “surface” of the sphere and are
approximate. Furthermore, the bounds of the sphere were unique
across each participant. For example, P3 organized documents on

(a) Overview of P1’s final workspace from side-view perspective.

(b) Overview of P1’s final workspace from top-view perspective.

Fig. 4. Example of a virtual sphere spatial surface. Bird’s eye view of P1’s
final workspace, who created a 360-degree space.

the left side within an arc radius of 2.3 meters, on the right side
within an arc radius of 3.5 meters, and an arc radius of 1.9 meters
to the front. Initially, documents were stacked in a pile in front of
the participant at waist level, with a distance of 0.8 meters from the
participant’s initial position. Figure 3 shows the initial location of
the participant and the documents.

The yaw angle of the sphere arcs ranged from 150–190 degrees. In
other words, most participants primarily used the front half of their
virtual sphere. P1 was an exception to this, since they positioned
documents in the entire available 360 degrees as shown in Figure 4.
The height of the used portion of the spheres ranged fromwaist level
to slightly above head level. However, P5’s space arced to the top
of the sphere, creating a dome-like structure as shown in Figure 5.
The portion of the sphere surface that was used by participants also
varied in aspect ratio. Participants arranged documents either wider
horizontally, creating a landscape format (P1, P3, P4, and P7), or
vertically, taking up a portrait format (P5, P6, and P8). P2 was the
only participant to create a virtual curved wall. We can define the
wall as a part of a virtual large cylinder, which is vertically flat and
horizontally curved slightly at both ends.
4.1.2 Subspaces. All of the participants (P1–P8) reported that they
divided the workspace into subspaces. These subspaces were con-
structed by dividing the virtual sphere into smaller regions of fo-
cus. Activities such as reading and comparing documents were
performed in these subspaces. Furthermore, these subspaces hold
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Fig. 5. Example of a virtual sphere spatial surface. Dome like structure
constructed by P5 at the top of his sphere (above head level).

Fig. 6. Example of subspaces. Screenshot showing left subspace (left) and
front subspace (right) of P3, which were separated by a gap. Other partici-
pants created similar subspaces.

distance relationships with each other. All participants reported
creating a special “workspace” subspace located close to the user,
positioned between the overall spherical surface and participant
location. This workspace was used to store working documents or
important, frequently-referenced information. For example, Figure 6
shows an overview of these two subspaces constructed by P3. The
total number of subspaces created by each participant ranged from
1–6, depending on how each individual participant approached the
sensemaking task.
4.2 Spatial Organization
Organization played a key role in Space to Think, and therefore
we focused on looking at the various organizational metaphors
created by analysts within IST. The purpose of these findings is to
analyze how the analysts organized the textual data within the 3D
immersive space (RQ2).
4.2.1 Organizational metaphors. Like Andrews et al. [2010], we
conducted a process to identify a group of documents as an orga-
nizational metaphor. First, we analyzed the screen recordings and
screenshots taken during the study. Next, we verified the analyzed
data with the post-interview answers, in which all of the partici-
pants explained the various metaphors they constructed and the
associated spatial meaning. Third, we analyzed the position of the
documents with respect to each other. If a document is in proximity
to or overlaps with another document, then we consider those two
documents as part of a group. From these metrics, we found four
organizational metaphors constructed by participants: a) temporal,
b) topic cluster, c) relevance divide, d) working set.
All of the participants (P1–P8) at some point created temporal

ordering. We can attribute the formation of this metaphor to the
initial chronological arrangement of the documents, from oldest to
newest. Participants arranged the temporal ordering on a horizontal

(a) Subcluster within a big cluster. (b) Use of depth within clusters.
Fig. 7. Example use of clusters, from P7’s workspace. Other participants’
clusters had less occlusion.

timeline across the 3D space, usually around the equator of their
virtual sphere. However, the start of the chronological arrangement
varied among participants. For example, P1 arranged the first four
documents on the right side horizontally followed by the left side,
whereas P4 started the timeline arrangement from left side followed
by the front and right sides. The exact reason why the participants
started from two different sides is unknown from the study. When
asked about this in the post-interview, none of the participants
provided a definitive answer. From the feedback, we can assume
the choice of the starting point of the timeline to be arbitrary. It is
also interesting to note that, whenever the dates within documents
matched, the documents were aligned vertically. Figure 1 shows
an overview of the temporal ordering constructed by P4. For ex-
ample, documents dated 15th April were aligned vertically, while
documents dated 10th April was aligned horizontally to the left of
these, and so on.

By topic cluster, we mean a group of documents related by topics
such as name, location, phone number, date, and so forth. P1, P3,
P4, and P7 constructed topic clusters in their final state. The total
number of clusters ranged between 4–9 among these participants.
However, the foundations of these clusters varied. For example, P1
created clusters based on important dates. On the other hand, P3,
P4, and P7 created clusters based on events, names, places, and
phone numbers. The placement of clusters had spatial meaning as
well. More important clusters were kept between waist level and
neck level, whereas less critical clusters were kept above head level.

Cluster arrangements were also unique with reference to visibility.
P1, P3, andP4 kept each cluster spread out (tiled) to avoid occlusion.
In contrast, P7 used depth within the clusters and confined the
location of the clusters between waist level and neck level as shown
in Figure 7. The figure shows that P7 kept documents within a cluster
partially occluded with each other but not completely occluded like
in the initial stack of documents. When asked about this strategy in
the post-interview, P7 reported that partial occlusion helped to have
an overview of the document group while also still recognizing each
document in the group. P7 further reported “I would have forgotten
about the documents [behind] if I had to stack them in a pile.”

P2, P5, P6, P7, and P8 constructed metaphors that divided the
space based on relevance. These participants followed a common
strategy. They placed documents that they believed to be relevant
between waist level and neck level. Documents that they thought
were not germane to the problem context were placed above head
level. P5 created an intriguing structure above head level as shown
in Figure 5. To our surprise, P5 arranged their irrelevant documents
in a dome-like fashion. When interviewed about this formation,
P5 reported that, though he differentiated between relevant and
irrelevant documents, he was not sure whether he would need
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the irrelevant documents later for further analysis or explanation.
Hence, he felt it was wise to arrange the documents in a way that
would help him to recall the documents easily later if needed. P8
constructed a similar pattern. However, P8 did not create the same
enclosed structure at the top. The documents were rotated to face
the participant standing below. In contrast, P1 was the only user to
use the back side of the sphere to distinguish documents based on
relevance. This participant used 360-degrees of yaw angle, placing
relevant documents on the front, left, and right sides while placing
their irrelevant documents on the back side, thereby creating a
360 degree sphere around themself, as shown in Figure 4.
P3 and P4 created a different metaphor with a working set. Both

of the participants permanently maintained one working document
that was not a part of the overall virtual sphere. However, the work-
ing document was different for both the participants, but both the
documents were dated 27th April, a critical turning point in the
dataset. When asked about this document in the post-interview,
P3 and P4 both reported that the working document was of high
importance as it had information related to many other documents.
Therefore, they kept the working document in close proximity for
easy access. The document was located near their waist and was
rotated with the text facing upward to face the user’s head for easy
identification. P4 further reported that he would have forgotten
about this document if it was not separated and rotated.
All participants (P1–P8) combined more than one metaphor in

their final organization in unique ways. Metaphors had inter- and
intra-arrangements. We summarize these organizations which had
more than one spatial metaphor asmultiple metaphors. For example,
P1 clustered some documents based on a few important dates and
arranged the remaining documents in a separate temporal order,
thereby combining two metaphors. P5 separated the documents
based on relevance as explained earlier. The relevant documents
were grouped in clusters near the waist level, although the clusters
near the waist level were not distinct and organized like the clus-
ters constructed by P3, P4, and P7. Another example of multiple
metaphors was evident in the clusters constructed by P3 and P4.
These clusters were internally arranged based on relevance. The
relevant clusters were at a proximal distance within the waist and
neck level of the participants and the irrelevant clusters above head
level. One of the clusters constructed by P7 provides an example of
intra-arrangement. P7 had subclusters within a larger parent clus-
ter as shown in Figure 7 (a). The documents reduced in size form
one subcluster, and the documents enlarged in size form another
subcluster.
4.2.2 Spatial cues. We observed that participants used spatial cues
as organizational strategies during their synthesis process. In this
subsection, we describe each of these cues in more detail.
Depth - Depth played a role in distinguishing documents based

on relevance or importance by P7 and P3. For example, P7 kept
important documents in the front within a pile, and less important
documents behind as shown in Figure 7 (b). Depth was also used
in formation of subspaces (P1–P8). A common strategy used by
most of the participants was to pull a document or two (from the
background virtual sphere) in closer and just below the head level,
and then perform analysis activities like reading and comparing as
shown in Figure 6 (right).

Fig. 8. The less important document was reduced in scale (left). Documents
of equal importance were of equal scale (right).

Fig. 9. The documents on the right (arranged in staircase style) are weakly
linked to the group of documents on the left (arranged vertically).

Document Scale - A few participants linked the scale of each
document with importance (P1, P3) or to avoid occlusion (P7). Fig-
ure 8 shows less important documents reduced in scale, and equally
important documents kept in equal scale. On the other hand, P7
reported that reducing or enlarging the documents helped to avoid
occlusion and to distinguish between subclusters as shown in Fig-
ure 7 (a). Documents in front were reduced in scale while documents
behind were enlarged. The purpose of this strategy was to distin-
guish between subclusters within a big cluster, and to pack more
into the space.
4.2.3 Process. The observed analytical processes evolved with time.
Initially all of the participants (P1–P8) arranged the documents in
a timeline. However the temporal ordering was eventually discon-
tinued for all the users. Temporal ordering evolved into the various
other metaphors discussed above. As users progressed in the task,
they had a better understanding of the data. Even clusters evolved
with time. For example, P3 started grouping documents with similar
background information. At a later stage, these clusters evolved to
contain more specific information. For example, one cluster evolved
to contain information related to a character named “Ramazi”. Even
documents that were weakly connected to a cluster eventually be-
came part of that cluster. Figure 9 shows a screenshot from P8’s
workspace. P8 arranged the documents that were weakly linked to
a cluster in a staircase style. All of the documents on the right side
were eventually segregated based on relevance. This evolutionary
spatial arrangement involved in the analytical process is similar to
the embodied manifestation of incremental formalization [Shipman
and McCall 1994] observed by Andrews et al. [2010].
4.3 Navigation and Interaction
In this subsection, we analyze the navigation and interaction behav-
iors of the analysts within IST to address our last research question
(RQ3).

4.3.1 Physical navigation. Physical navigation is a form of embod-
ied interaction to access information within the 3D environment.
Büschel et al. [Büschel et al. 2018] describe two types of physical
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(a) (b) (c)
Fig. 10. Example of physical navigation. (a) Participant arranging docu-
ments on front side. (b) Participant rotated from front side to right side. (c)
Participant rotated from right side to back side.

navigation: a) Micro-level physical navigation and b) Macro-level
physical navigation. Micro-level physical navigation deals with rota-
tional movements like turning the head, eye, or body, or leaning. In
our study, we found a high level of micro-level physical navigation.
Figure 10 shows photographs of a participant at different times-
tamps during the analytical process. The photographs show the
change of participant body rotation and head movement over time.
All participants (P1–P8) frequently leaned in towards a document
to read it closely. For example, P5 read document 17 (one of the
document from the dataset), seven times. Out of that, P5 leaned four
times to read the document carefully. The remaining three times,
P5 just glanced at or skimmed the document and leaning was not
necessary. Additionally, participants reported that leaning helped
to overcome occlusion. P7 mentioned that “I could just lean over
and look at the documents arranged behind within a cluster.” P7
also reported that physical navigation facilitates the use of depth,
as he could easily see the documents located behind by leaning or
walking towards it.

Macro-level physical navigation deals with translational move-
ments like walking in space. Participants moved between the sub-
spaces or clusters but this occurred much less often than rotational
movements. However, walking was likely limited by the tethered
Oculus headset cable. It is also vital to note that participants were
reluctant to move freely due to the fear of stumbling or falling due to
the cable. It is possible to attribute this navigational preference into
the formation of the final structure. Since the participants preferred
rotational movements as compared to translational movement, they
created a virtual sphere to keep the documents within easy reach.
As a result, they were able to quickly access documents by simply
turning their head or body. This navigational preference adheres
to the prior findings by Shupp et al. [2009] in the shape of large 2D
display walls. However, whether similar navigational preferences
will exist among participants even in the absence of the wired cable
cannot be inferred from this study.

4.3.2 Interactions with Documents. Interaction played a role in how
the participants perceived the 3D immersive space and organized the
documents. The most common interactions used by the participants
were drag and push/pull to organize the space. We observed that
all participants (P1–P8) often used two-handed interaction with
the Oculus touch controllers a) to drag two documents or compare
two documents simultaneously, and b) to rescale documents. For
example, for a 2 minute time frame between 24:00 and 26:00, 95%

(a) Participant using both hands to drag
two documents simultaneously.

(b) Participant using both hands to en-
large a document.

Fig. 11. Observed examples of two-handed interaction using Oculus con-
trollers.

of P7’s interactions were two-handed. It is interesting to note that
the frequency of using two-handed interaction increased by 70% in
average, as participants got more adjusted to the controllers and the
3D environment. 7 of the 8 participants reported that rescaling was
easy in 3D. P1 stated that “I could easily rescale the documents to my
requirements. That is fun!” Figure 11 shows examples of interactions
a participant performed using both hands. Participants used the ray-
casting pointing technique to point to the text while reading and
scanning documents. All participants often pulled documents from
the virtual sphere closer to read them, using the push/pull technique.
Once finished with the reading task, the participants pushed the
document back to either its original location in the sphere or to a
new location.

4.4 Analytical Performance
Though evaluating user performance was not a goal of this ex-
ploratory study, we used themetric proposed by Plaisant et al. [2008]
to calculate the analytical scores. We added 1 point for every cor-
rect component of the answer and subtracted 0.5 points for every
extraneous wrong component. Each of the four questions, except
the last question, had more than one correct answer resulting in
a total possible task score of 17. Score totals for P1-8 are 6.5, 4.5,
10, 8, 8, 6.5, 8.5, 7.5 respectively (average of 7.4). All participants
successfully identified a portion of the correct answer of the sense-
making task. Four of the participants correctly identified 1 of the
3 terrorist subplots hidden in the data, and the other four partici-
pants partially identified 2 of the 3 subplots. Overall, participants
performed reasonably well in the task when considering the short
investigation time and no prior experience with IST. Participants
emphasized constructing clusters performed better than those who
focused on relevance division. However, P5 was an exception with
score of 8. P2, who simply divided the workspace based on relevance
and did not use any other investigative strategies, scored lowest.

4.5 Participants feedback
Our observations of the participants and the participants’ com-
ments from the post-study interview both show an overall positive
response towards IST. Participants were captivated by the unique
way of interacting with the documents. P3 stated that “I could easily
grasp the document manipulation functions.” P7 stated that “I lost
track of time. I was completely immersed within [IST]. Overall it
was a fun activity!” P5 stated “Initially I thought the task would
be challenging as there was no note-taking ability. In the end, my
perspective changed.” This indicates that P5 discovered the value of
the 3D immersion as a ‘space to think’. Participants’ body movement
from recordings reveals that all of them were quite engaged and
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focused during the study. However, we did receive some negative
comments from participants about the text clarity and the Oculus
cable. “After a certain distance, the text was blurry. I would like to
read text even which are located far away ....” (P8). “The cable kind
of hindered my movement. I was reluctant to walk with the headset
freely. I had a feeling that I might fall...” (P7). We also received some
negative comments related to fatigue: “I felt a bit tired dragging doc-
uments one by one...” (P2). This suggests the potential for improved
interaction design and integrating semi-automated analytics.

5 DISCUSSION
The goal of the study was to explore how analysts would use immer-
sive 3D space to support their sensemaking process. We also hoped
to gain insight into what enhanced capabilities would be useful to
integrate into future IST designs, to ease the task of sensemaking.
Here we discuss some of those implications.

Although this was not a comparative study between 2D and 3D, it
is possible to make some inferences by comparing behavioral results
to Andrews et al. [2010]. We cannot compare performance details,
but can observe some behavioural and organizational strategy simi-
larities and differences between the two environments. Since we are
already aware of the behavioural strategies in 2D from Andrews, we
conducted the experiment only in 3D. Future comparative studies
could more specifically address the issue, and would require altering
both the 2D and 3D interfaces to minimize potential confounds.
We designed the IST prototype in the 3D environment with only
minimalist interactions to help us understand the core behaviours
and representations constructed by analysts in 3D immersive space.
Any enhanced interaction capability would have made it difficult to
analyze whether the results are due to the augmented interaction
capabilities or the 3D immersive space. Our study therefore serves
as a baseline for future studies with augmented interactions and
equipment. Also, since the goal of the study was to understand the
spatial organization rather than a performance analysis in 3D im-
mersive environment, we used inductive qualitative method rather
than quantitative method for result analysis.
Comparison to prior 2D study: One of the goals of this re-

search was to investigate whether the concepts of “Space to Think”
naturally extend to “Immersive Space to Think”. One of the key find-
ings of 2D space to think, was the use of space as a form of external
memory that can be efficiently accessed through physical naviga-
tion. Similar use of 3D immersive space was reported in this study.
Another key finding was the use of space as a form of semantic layer
that added meaning to the displayed information. We confirmed
similar incremental formalism processes to those of Andrews et
al., who found similar organizational metaphors: clusters, temporal
ordering, and mixed.
New opportunities in IST: However, another goal of this study

was to investigate whether IST provides additional opportunities in
sensemaking beyond that of Andrews’ 2D space to think. We did
find new opportunities.

New 3Dmetaphors and encodings:Alongwith the existingmetaphors,
we observed new forms of organizational metaphors (relevance di-
vide, and working set), and found new use of spatial cues for depth
and document scale. We observed some new behaviors related to
the use of 3D space to encode semantic information. In our study,

participants mapped relevance, importance, and working activity to
3D spatial locations in new ways. Documents deemed more relevant
or important or of current working activity were often placed closer
to the user in depth, in front of the user, or near the user’s waist. Ir-
relevant documents were either located behind other documents in
depth, or above or behind the user. Therefore, there is a natural ten-
dency tomap proximal spatial locations as more relevant. This might
relate the cost of navigation access, either physically (e.g. turning)
or virtually (e.g. push/pull), but might also have deeper embodied
cognitive connotations. Spatial cues like depth and document scale
played a role in the sensemaking task by adding distributed cog-
nitive encodings. This perhaps reduces the amount of information
that needs to be processed in the working memory.

Body presence within IST: Physical navigation among participants
was observed in both the studies, but IST provided a greater range
of physical navigation, a more clear distinction between macro and
micro levels of navigation, and a notion of subspace focus. Rapid
push/pull interactions and two-handed interactions brought new
kinds of tasks, like temporary focus and comparison. The sense of
being present within the 3D immersive space induced curiosity to
explore more. For example, one participant (P8) noted, “Immersion
gave me a different feel of the documents. I could easily grab them,
rotate them, scale them according to my need...” Similarly, another
participant (P1) stated,“I could easily pick and place a document
from one side to another...” A third participant (P3) noted,“I felt the
3D environment was my mind and I was walking through it...” This
suggest that participants used physical navigation and interactions
as embodied resources to aid cognition within IST. The holistic view
of the 3D space promoted physical navigation among participants
and encouraged them to explore the data. Actions like rotating,
grabbing, moving, pushing, and pulling documents all had under-
lying spatial meaning that facilitated embodiment within IST and
reflected “space to think”.

Trade-off between physical navigation and 3D occlusion:
We observed a trade-off between preference for occlusion or physi-
cal navigation not reported in Andrews’ 2D study. Participants (P5,
P6, P7) who showed less translational and rotational movement
arranged the documents in a more confined area with smaller arc
lengths of the virtual sphere. These participants also arranged doc-
uments to be partially occluded and made more use of depth. On
the contrary, participants (P1, P3, P4, P8) who preferred document
visibility showed a higher level of translational and rotational move-
ment. They preferred to arrange the documents in a non-occluded
tiled format. These observations suggest a trade-off between pref-
erence in occlusion and navigation. Reducing barriers to physical
navigation (such as the Oculus cable) could possibly shift the trade-
off, but also lead to increased externalization (as in [Andrews and
North 2013]). The use of depth combined with physical navigation
suggests the potential for increased scalability of 3D “space to think”.
Future work should test the scalability of 3D space to think by ex-
perimenting with a large number of documents and using a wireless
headset with a very large open tracked space.

3D interaction design influence on user behavior: Because
a document maintains orientation and distance with respect to the
ray during drag-and-drop interaction, and the ray always emanates
from the user’s hand, the document tends to always face the user and
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maintain a fixed distance as they drag it around themselves. Hence,
the design of the drag-and-drop ray-casting interaction might have
encouraged participants to create a virtual spherical shape rather
than a virtual wall or other spatial arrangements. In comparison
to simpler 2D interaction design, the complexity of 3D interaction
design magnifies the effect of interaction design on behaviors, mak-
ing study design more difficult. This suggests the need for further
studies to investigate alternative 3D interaction techniques for IST.
Potential for new 3D semantic interactions: Endert et al.

[2012] and Bradel et al. [2014] exploited findings of Andrews’ 2D
study to design semantic interactions that coupled cognition and
computation in space to think, enabling semi-automation of the
sensemaking process. Incremental spatial interactions that reflect
cognitive incremental formalism were used to drive incremental
model learning. Table 1 shows a summary of the potential cogni-
tive inferences that could be drawn from our 3D study. Only of
few of these (cluster, resize) were implemented by Endert or Bradel
in their 2D systems. The cognitive inferences drawn from our 3D
study could be used to expand the palette of potential semantic
interactions that could be designed within IST. This demonstrates
potential for the rich 3D sensing of embodied interactions in immer-
sive spaces to drive additional analytic inferences. Further studies
are needed to test and verify such semantic interactions in IST.

Table 1. Potential cognitive inferences from the IST study.

3D Interaction Cognitive inference
Cluster documents Group documents by common entities
Arrange chronologically Temporal ordering is significant
Division of subspace Subtask or individual focus
Move document to waist Create important working set
Use of depth Distinguish documents by relevance
Rescale document Distinguish documents by relevance
Two–handed interaction Compare or relate two documents
Leaning in Focus on document or de-occlude
Physical navigation (macro) Change of subspace focus
Physical navigation (micro) Change focus within documents

Suggested new IST features: Based on the observations and
participants’ feedback, several new features would be valuable in
IST systems and may require further VR research to create:

• Ability to annotate the 3D space and perform keyword search
will require text input methods.

• Ability to highlight text will require fine pointing.
• Ability to walk freely within 3D space will require a large
untethered tracked space or AR.

• Ability to group and manipulate multiple documents simulta-
neously will require multi-selection techniques.

• Ability to temporarily attach important working documents
to the body, to maintain access during physical navigation.

• Ability to create virtual surfaces that assist in tiled virtual
layouts may require additional haptic feadback or AR.

5.1 Limitations
The study is our first attempt to investigate the potential of 3D
space for sensemaking, and it opens many new follow-up research
questions. Further, our study had various limitations that can be
overcome in future work.

Technology - Two limitations of the current Oculus Rift affected
IST. While participants could read the documents clearly within
2m, documents located beyond that were blurry and jittery due to
low resolution. Thus, a few participants reported discomfort read-
ing documents located far away from them. However, this did not
appear to hinder the analysis task completely, and participants ac-
commodated to the shortcoming by using physical navigation or
push/pull. However, prior studies with reading text inside immer-
sive environments (with similar or lower resolution), have been
conducted successfully and have shown promising results [Dingler
et al. 2018; Grout et al. 2015; Iyer et al. 2017]. Therefore, we believe
the results of our study would not differ significantly if repeated
with higher resolution HMD. Participants also reported that the
Oculus cable limited walking. The raycasting technique helped the
participants reach further locations within IST than was possible
by walking. But, macro physical navigation might enable different
spatial surfaces and structures to be created, and further experimen-
tation is needed. The rapid advancement of VR technology should
overcome these limitations. For example, the current release of the
HTC VIVE Pro HMD has better resolution per eye than the Oculus
Rift and has a wireless option.
Dataset - Our dataset was limited to 31 text documents. Given

that this dataset has been successfully used in prior sensemaking
studies [Robinson 2011], it served the purpose of investigating the
task of sensemaking in textual data. However, a larger dataset would
enable us to explore the scalability of physical navigation and 3D
space to think. However, that would require a much longer experi-
ment, and prolonged use of VR with minimal interaction capabilities
can lead to fatigue. Therefore, improved designs for IST, more com-
plex experimental designs that span multiple sessions, or multi-user
collaborative analysis capabilities are needed before we can explore
these questions of scalability.
6 CONCLUSION
In this paper, we approximately replicated in 3D a study conducted
byAndrews et al. that analyzed the use of 2D large, high-dimensional
displays for sensemaking. The motivation behind our study was to
analyze 3D immersive space as a new physical medium for “space
to think.” The results of our study shed a positive light in using such
space for sensemaking, since the principles of space to think carried
over to the immersive environment. Furthermore, 3D immersive
space provided some new possibilities for organizational metaphors
and encodings, showing more flexibility in organizing text as com-
pared to 2D space to think. New forms of navigation and interactions
provide analysts greater opportunity to couple with 3D immersive
space and induce embodiment. In summary, 3D immersive space
offers new forms of externalization and cognitive affordances for
sensemaking tasks. Our study provides initial insights to explore
3D immersive space for sensemaking in textual data and triggers
many open-ended questions for future research.
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