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Abstract

In recent years, technology using immersive VR environments has developed rapidly, and significant
progress has been made in the field of information visualization, which is referred to as immersive analytics.
In this study, we proposed an immersive framework that improves ImAxes, one of the immersive analytics,
to visualize multiple data on a single axis that changes in response to user operations. The results of having
participants answer time-varying datasets and corresponding questions show that the ImAxes with adding
a time-varying function is more useful for better understanding time-varying data in a shorter time and

fewer axes than original ImAxes.
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1. Introduction

In recent years, technologies using immersive VR
environments have developed rapidly and significant
progress has been made in the field of information
visualization. The field in which multiple disciplines
such as visualization, immersive environments, and
human-computer interaction converge to support
human data analysis using new technologies is called
immersive analytics [9]. This approach goes beyond
traditional 2D flat data visualization to enable
manipulation and understanding of data in three or
more-dimensional space.

An example of a traditional 2D flat data visualization
is a tree-map. It is a representation designed for human
visualization of complex traditional tree structures,
showing arbitrary trees in a 2D space-filling
representation. However, this approach suffers from
screen space limitations and readability issues when
many nodes are displayed simultaneously. This prevents
the user from grasping the whole picture [1].

Immersive analysis is a new framework for interactive
and intuitive data analysis, and several software toolkits
for immersive analysis have recently been released.
Kraus et al. [2] found that multidimensional clusters are
easier to identify in VR than in 2D desktop displays. Also,
Yang et al. [3] found that 3D globes are more effective
than 2D projections in conveying the distance and
direction of a world map. These studies suggest that
immersive displays offer tangible advantages when the
data is inherently more than two-dimensional. Another
study on immersive map visualization by Yang et al.
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found that immersive environments allow seamless
transitions between 2D views that are optimal for
visualizing different aspects of the data [4]. Kwon et al.
[5] also found that immersive VR graph layouts enable
faster decision making and fewer errors compared to 2D
graph layouts.

As part of interaction technologies, immersive
analytics emphasizes the possibility of embodied direct
manipulation. One of the interaction technologies that
can be embodied and directly manipulated is ImAxes [6].
ImAxes employs a method of constructing visualizations
through direct manipulation of the 3D axes of a data
dimension in 3D space: axes generated from the dataset
are placed in the VR space, and their manipulation by
the user produces arbitrary visualization results in the
VR space. For example, a parallel coordinate plot (PCP)
is created by combining any two axes in parallel, and a
scatter plot is created by combining them at right angles.
With ImAxes, users can try a wide variety of
visualization methods with a single tool, such as 2D
visualization, 3D visualization, and scatter plots,
depending on how you place the axes.

However, ImAxes has some problems. ImAxes can
store only one set of data per axis. For example, suppose
the user wants to visualize precipitation data for January,
February, and March, which changes from month to
month. In this case, there are three axes in the VR space
named “precipitation in January,” “precipitation in
February,” and “precipitation in March. By combining
these axes in parallel, the user can visualize the PCP and
visualize changes in precipitation over time. Since the
data is “only” precipitation and “only” for three months,
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there is no problem with as few as three axes. However,
if we add not only precipitation but also temperature
data, or data for April, May, and June, the number of
axes displayed on the VR space will increase because of
an increase in the variety of data. Therefore, it takes time
to find the axis of the desired data, which may spoil the
immersive experience.

This increases the number of times the axis is moved,
causing fatigue and possibly inducing a “gorilla arm”
effect [7]. In Immersive analytics, there is a need to
reduce fatigue within the immersive environment. Some
research has been conducted to develop devices to
reduce fatigue problems caused by 3D interaction in the
air using a VR controller [8].

This study proposes an immersive framework that
improves ImAxes and visualizes multiple data for a
single axis, which changes in response to user
manipulation. This will improve the efficiency and user
comfort of data visualization in an immersive
environment and contribute to reducing fatigue. We
asked participants to view time-varying data
visualizations and explored the advantages and
disadvantages of time-varying data.

Figure 1: Image of the participant during the task

2. Design and implementation of
time-varying axes

The design of this system is intended to complement the
manipulation system that ImAxes lacks; one of the
advantages of ImAxes is that users can freely move and
position axes within the virtual environment, thus
forming creative visualizations. Suppose, however, that
the user wants to visualize data from multiple time
periods. However, since one axis can only store data
from one time period, when the user visualizes data from
one time period and then wants to visualize data from
the next time period, user needs to have an axis that
contains that data. This would require more
manipulation and could potentially compromise the
immersive experience.

Therefore, the purpose of this research is to add a
function that stores multiple data on a single axis and
switches the type of data output based on user input.

This function allows visualization of data that
continuously changes over time and is expected to
deepen the user's understanding of the data.

In addition, the color of the data visualization was also
changed. In the original ImAxes, the data can be freely
colored according to the size of the data. This allows the
user to confirm the size of the data by looking at the
color. In this study, we wanted to investigate the effect
of a time-varying function on data comprehension, so all
data in scatter plots and parallel coordinate plots were
colored black. This allows participants to distinguish
between large and small data only by the position of the
data, and not by the color. The color of all values to fix
the maximum and minimum values of the data was
white. When a 2D or 3D scatter plot is created with the
ImAxes with adding a time-varying function, a white
point is placed on the opposite side of the origin. This
point represents the maximum value of the time-varying
data, which helps us to understand the data by looking
at the scatterplot.

3. Evaluation through
visualization of time-varying
data

In this study, a participant experiment was conducted to
explore the advantages and disadvantages of the original
ImAxes and the ImAxes with adding a time-varying
function: one question was prepared for each dataset,
and the time to answer the question and the number of
axes used to answer the question were counted.

3.1. Experiment

This system was developed using the game engine Unity
and the VR device HTC VIVE, which has a head-
mounted display and two controllers that allow flexible
viewpoint control and interactive label axis operation
simultaneously.

The left-hand-operated device for controlling time
changes has a knob; time moves forward one step when
turned to the left and backward one step when turned to
the right. Figure 2 shoes an image of participant during
the task. Figure 3 shows the left-hand-operated device
and a VIVE controller used in the experiment. Since a
touchpad on the VIVE controller already had this
function, we prepared a left-hand control device.
Turning the knob clockwise would advance time, and
vice versa, backward.



Figure 2: Image of the participant during the task

Figure 3: The left-hand-operated device and a VIVE
controller used in the experiment

3.2. Data to be used in the experiment

In the first dataset, the axes consist of “temp”, “lat”, and
“long”. “temp” means template and stores the
temperature at each location. “lat” means latitude and
“long” means longitude. The interval is set to August
24~30, 2024. Latitude and longitude indicate the latitude
and longitude of AMeDAS stations [10] that measure
precipitation in  Tochigi Prefecture, respectively.
Precipitation indicates the amount of precipitation
observed at a particular AMeDAS station on that day.

In the second dataset, the axes consist of “wind”,
“lat”, and “long”. “wind” means wind speed and stores
the temperature at each location. The interval is August
14~20, 2023. Latitude and longitude indicate the latitude
and longitude of AMeDAS stations that measure
precipitation in Tochigi Prefecture, respectively.
Precipitation indicates the amount of precipitation
observed at a particular AMeDAS station on that day.

The third dataset has axes named “temp”, “lat”, and
“long”, and varies with time. The interval is from 11:00
to 17:00 on July 19, 2014. Latitude and longitude indicate
the latitude and longitude of the station measuring
precipitation in Tochigi Prefecture, respectively. The
precipitation amounts represent the amount of
precipitation observed at a particular AMeDAS station
in one hour.

In the fourth dataset, the axis names are “wind,” “lat,
and “long” and vary with time. The interval is from 5:00
to 11:00 on August 9, 2013. Latitude and longitude
indicate the latitude and longitude of the precipitation
measuring stations in Tochigi Prefecture, respectively.
Precipitation represents the average wind speed
observed at a particular AMeDAS station in one hour.

For each dataset, a question was asked. For the first
dataset, the question was “On which day is the station
with the highest precipitation observed? For the first
dataset, we asked the question, “On which days are the
stations with the highest precipitation? For the second
dataset, we asked the question, “On which day is the
station with the highest wind speed observed? For the
third dataset, we asked the question, “From which
direction did the rain clouds move? For the fourth
dataset, “How did the wind speed change over time for
Tochigi as a whole?

The reasons for choosing this dataset/question are
as follows. The first and second datasets/questions
needed to compare data from distant dates. In this case,
we assumed that the ImAxes with adding a time-varying
function, which cannot be compared side-by-side, are
not suitable for this problem. The third and fourth
datasets/questions were chosen because of the need to
understand the flow of time-varying data. In this case,
we assumed that the ImAxes with adding a time-varying
function is suited for this problem because it can
visualize time-varying data continuously.

The daily precipitation (before and after
improvement) and hourly precipitation (before and after
improvement) were randomly displayed, and questions
were asked. The following questions were then
answered on a 7-point Likert scale.

2. Was the axis operation intuitive?

3. Was there discomfort during use?

4. (Only original ImAxes only) Would you like
the time-varying function?

5. (Only ImAxes with adding a time-varying
function) Did the added functionality help me
to better understand the data?

After four trials, participants were asked to visualize
ImAxes with adding a time-varying function that
included data such as latitude and longitude,
precipitation, temperature, and wind speed that changed
over successive time intervals of 15 minutes, and to see
if they could find relationships between the data.

As a post-experiment questionnaire, participants
were also asked about their impressions and
understanding of the data before and after the
improvement.
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4. Results

Nineteen male participants and one female participant
tool part in the experiment. The mean age was 22.95
years, with a standard deviation of 1.07. All 20
participants had previous experience with VR.

One question was set for each of the four datasets, and
each participant was asked to answer either Original
ImAxes or ImAxes with adding a time-varying function
in a random combination. For the first, second, and
fourth datasets, the percentage of correct answers was
100% for both the original ImAxes and the ImAxes with
adding a time-varying function. For the third dataset,
however, correct answers were 60 % for the original
ImAxes and 90 % for the ImAxes with adding a time-
varying function.

Data obtained from the experiment were analyzed by
considering condition as a within- participants factor.
Friedman tests were performed on each data set, and
Wilcoxon signed rank sum tests were performed when
significant differences were found.

A box-and-whisker diagram of the time to answer a
question is shown in Figure 4. Across the entire dataset,
the time to answer a question was significantly less with
the ImAxes with adding a time-varying function than
with the original ImAxes (p < 0.05).

A box-and-whisker diagram of the time to answer a
question is shown in Figure 5. The number of axes used
to answer the question was significantly less in the
ImAxes with adding a time-varying function than in the
original ImAxes (p < 0.05).

A box-and-whisker diagram of answers of question 2
is shown in Figure 6. The ImAxes with adding a time-
varying function was significantly more intuitive to use
than the original ImAxes (p < 0.05).

A box-and-whisker diagram of answers of question 3
is shown in Figure 7. The ImAxes with adding a time-
varying function caused significantly less discomfort
during use than the original ImAxes (p< 0.05).
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Figure 4: Box-and-whisker diagram of the time to
answer a question

Figure 5: Box-and-whisker diagram of the number of
axes to answer a question

Figure 6: Box-and-whisker diagram of the answer to
Question 2

Figure 7: Box-and-whisker diagram of the answer to
Question 3

Next, we investigate the difference in results between
the time-varying dataset per day and the time-varying
dataset per hour.

A box-and-whisker diagram of the time to answer the
question with different datasets is shown in Figure 8. In
Both the time-varying datasets per day and the time-
varying datasets per hour, the time to answer questions
was significantly shorter for the ImAxes with adding a
time-varying function than for the original ImAxes and
(p <0.05).

A box-and-whisker diagram of the number of axes to
answer with different datasets is shown in Figure 9. In
both the time-varying datasets per day and the time-
varying datasets per hour, the number of axes used
before answering a question was significantly lower for
the ImAxes with adding a time-varying function than
for the original ImAxes (p < 0.05).

A box-and-whisker diagram of the answer question 2
with different datasets is shown in Figure 10. In both the



time-varying dataset per day and the time-varying
dataset per hour, then, there was no significant
difference in intuitive use between the original ImAxes
and ImAxes with adding a time-varying function (p =
0.0545, p = 0.0975).

A box-and-whisker diagram of the answer question 3
with different datasets is shown in Figure 11. In Both the
time-varying dataset per day and the time-varying
dataset per hour, the ImAxes with adding a time-varying
function were significantly less uncomfortable to use
than the original ImAxes (p < 0.05).

Figure 7: Box-and-whisker diagram of the time to
answer the question with different datasets

Figure 9: Box-and-whisker diagram of the number of
axes to answer a question with different dataset

Figure 10: Box-and-whisker diagram of the answer to
Question 2 with different dataset

Figure 11: Box-and-whisker diagram of the answer to
Question 3 with different dataset

A box-and-whisker diagram of the answer to question
4 with different datasets is shown in Figure 12. There
was no significant difference between the time-varying
dataset per day and the time-varying dataset per hour
for participants who thought the time-varying function
was necessary (p = 0.097).

A box-and-whisker diagram of the answer to question
5 with different datasets is shown in Figure 13. There
was no significant difference between the time-varying
dataset per day and the time-varying dataset per hour
for participants who thought the time-varying function
helped them better understand the data (p = 0.517).

Figure 12: Box-and-whisker diagram of the answer to
Question 4 with different dataset

Figure 13: Box-and-whisker diagram of the answer to
Question 5 with different dataset

5. Discussion

With respect to the percentage of correct answers, only
the third datasets had incorrect answers. This is because
the third dataset and question were more difficult than



the others, since the correct answer could only be given
if the participants correctly understood the locations of
AMeDAS stations and movement in areas with high
rainfall. In the case of the original ImAxes, participants
had to remove the axis they were currently looking at
and prepare a new axis if they wanted to look at the next
time-varying axis, which we consider having lowered
the percentage of correct answers. The fact that the
percentage of correct answer for the questions changed
before and after the addition of the time-varying
function is evidence that the added function had an
impact on the understanding of the data, and we would
like to use this as a reference when creating future
questions.

In the entire dataset and in the time-varying dataset
per hour, the time to answer was shorter for the ImAxes
with adding a time-varying function than for the
original ImAxes. In the time-varying dataset per hour,
there was difference in time to answer the questions, but
the p-value was larger than for time-varying datasets per
day. This indicates that the time-varying function is
useful for solving all problems, and the ImAxes with
adding a time-varying function is especially useful when
one wants to see a continuous flow of time-varying data.

Participants used fewer axes with the ImAxes with
adding a time-varying function than with the original
ImAXxes. This indicates that when participants wanted to
see a 3D scatter plot of time-varying data, the ImAxes
with adding a time-varying function allows them to
combine three axes to create a 3D scatter plot and then
turn a knob to see the time variation, thus maximizing
their understanding of the data with a minimum number
of axes.

Participants felt that the operation of the ImAxes
with adding a time-varying function axes was more
intuitive than that of the original Imaxes axes. This was
an unexpected result. We expected that the operation
feel of ImAxes would be constant regardless of whether
the time-varying function was included, and question
Q3 was asked to confirm whether the addition of the
time-varying function had a negative impact on the
operation feel of the ImAxes axes. However, in reality,
many participants answered that the presence of the
time-varying function made the operation of the axes
intuitive. This is thought to be because the time-varying
function caused participants to use only the minimum
number of axes necessary, which improved the
intuitiveness of axis operation.

Participants felt less discomfort with the ImAxes
with adding a time-varying function than with the
original ImAxes. This may be due to the fact that the
knob facilitates visualization of time-varying data,
which may have reduced discomfort.

Participants often desired the time-varying function
in solving the original ImAxes problem. They wanted
the time-varying function in answering the question of
time-varying dataset per hour more. This indicates that

the time-varying function is a feature that was desired
by the participants.

6. Conclusion

This study proposed an immersive framework that
improves ImAxes and visualizes multiple data for a
single axis, which changes in response to user
manipulation. To demonstrate the usefulness of the
time-varying function, we showed participants the
original ImAxes and the ImAxes with adding a time-
varying function and asked them to visualize the data.
The time-varying function was shown to be useful for
understanding of time-varying data for short periods of
time or for short intervals with a small number of axes.

However, the current mainstream in data
visualization is software on 2D displays. In the future,
we would like to compare the differences between the
time-varying function and 2D displays and verify the
usefulness of each.
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