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ABSTRACT:

Interactive 3D visualizations of spatial data are currently available and popular through various applications such as Google Earth,
ArcScene, etc. Several scientific studies have focused on user performance with 3D visualization, but static perspective views are
used as stimuli in most of the studies. The main objective of this paper is to try to identify potential differences in user performance
with static perspective views and interactive visualizations. This research is an exploratory study. An experiment was designed as a
between-subject study and a customized testing tool based on open web technologies was used for the experiment. The testing set
consists of an initial questionnaire, a training task and four experimental tasks. Selection of the highest point and determination of
visibility from the top of a mountain were used as the experimental tasks. Speed and accuracy of each task performance of
participants were recorded. The movement and actions in the virtual environment were also recorded within the interactive variant.
The results show that participants deal with the tasks faster when using static visualization. The average error rate was also higher in
the static variant. The findings from this pilot study will be used for further testing, especially for formulating of hypotheses and

designing of subsequent experiments.

1. INTRODUCTION

Applications like Google Earth and Virtual Earth have
generated considerable expansion of the third dimension in the
cartographical and geoinformatics domain. Interactive 3D
visualization of spatial data is nowadays used for many
applications and for many issues. As the use of 3D visualization
of spatial data in areas of emergency and crisis management,
noise mapping, urban planning, geography teaching or virtual
tourism is growing (Lin et al., 2015; Hirmas et al., 2014,
Herman and Reznik, 2013; Reznik et al., 2013; Kovalcik et al.,
2012; Konecny, 2011; Stanek et al., 2010), the usability of 3D
visualization are discussed within the field of human factors
more often. Some authors, e.g. VVozenilek (2005), argue that 3D
visualization is capable to present a large amount of complex
information to wider audiences, including those with little or no
cartographic or GIS literacy. The pilot study presented in this
paper aims to verify the above mentioned statement.

Shepherd (2008) describes the general benefits of the 3D
visualization of spatial data. The main advantages are the
existence of more space for displaying additional data variables,
resolving of issues related to hidden symbols, and access to a
more familiar view of space. On the other hand, Shepherd
(2008) and Jobst and Germanchis (2007) pointed out possible
issues that may arise during 3D visualization. These include the
occlusion of objects in a 3D scene, perspective distortion, the
existence of variable scales within a single view, and
incomparable geometries of objects. In addition, there are some
solutions for the disadvantages and the most mentioned is the
interactive movement in 3D scene. In our opinion, interactive
3D visualization, which allows virtual movement and
navigation, is dissimilar to static perspective views on 3D data,
which the users use; stimulate entirely different working
strategies and cognitive processes.

This paper aims to identify the differences in user performance
and static perspective views and interactive 3D visualization.
Unique experimental tools based on web technologies were
used for this test. At first, we analysed speed and accuracy of
users performance. Furthermore, movement and interactions in
virtual environment were recorded within the interactive
visualization.

2. RELATED WORK

Several scientific studies have focused on user performance
with 3D visualization, mostly using the static perspective views
as stimuli. The usability of interactive 3D visualization is an
issue that has not been extensively analysed and relatively too
little is still known about how interactive 3D visualizations may
be used effectively.

Probably the first research focused on usability of 3D
visualizations was performed by Kraak (1988). Subjective
preferences of 3D map users were investigated by Petrovic and
Masera (2004). Haeberling (2003) evaluated visual variables
used in the 3D visualizations (rotation angle of camera, camera
distance, lighting direction, and haze). Savage et al. (2004)
searched possible advantages of using 3D perspective view
compared to traditional 2D topographic maps. Schobesberger
and Patterson (2007) compared the differences between 2D and
3D maps of Zion National Park in Utah (US).

Bleisch and Dykes (2008) studied differences of suitability of
2D and 3D maps for planning mountain hikes. Niedomysl et al.
(2013) compared static maps (2D and 3D) in terms of their use
in a geographic education process. Rautenbach et al. (2014)
evaluated and compared 2D maps, 3D non-photorealistic
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landscapes and 3D realistic city models for urban planning.
Torres et al (2013) examines satisfaction with different
technologies for real 3D visualization (anaglyph, autostereo and
shutter glasses). Zanola et al. (2009) concentrate on stereoscopic
visualization and evaluate suitability of abstract and realistic
styles of 3D models for urban planning. In addition, several
studies performed with the use 3D visualizations that used eye-
tracking for the research methodology were published, e.g.
Popelka and Brychtova (2013), and Popelka and Dolezelova
(2015).

An important fact is that all the above-mentioned articles used
only static perspective views as the stimuli. Not many
experiments that took place in an interactive 3D virtual
environment have been published. One of those studies is the
work of Wilkening and Fabrikant (2014). They used Google
Earth application and the participants dealt with practical tasks
(e.g. finding the highest point along a given path). They
monitored the proportion of applied movement types - zooming,
panning, tilting and rotating. However, this article neither
specified how the acquisition and storage of different types of
movement was made, nor which technology was used for such
purpose.

Bleisch et al. (2008) assessed potential combination of 3D
visualization environment and abstract data, when comparing
differences between reading the height of 2D bar charts and
reading bar charts placed in 3D environment. Speed and
correctness were measured, although the information about the
movement was neither recorded nor evaluated, despite the fact
that a 3D interactive environment was used. The works
dedicated to the analysis of interactive movement include
Abend et al. (2012) and others. This work focuses on processing
of videos captured during user browsing in Google Earth.

In all the above mentioned studies had a similar feature — when
the interaction with 3D virtual space was possible, it was neither
recorded nor analysed. The only exception is the work of
Wilkening and Fabrikant (2014). This situation motivated the
authors to produce this paper. Therefore, the main objective of
this paper is to try to identify differences in user performance
with static perspective views and interactive 3D visualizations.

3. EXPLORATORY STUDY

Dealing with the lack of studies and methodological
approaches, we decided for the exploratory approach. The main
focus was laid on gaining insights and experience for further
performance of 3D visualization research.

3.1 Design

The experiment was designed as a between-subject study, and
the participants were randomly divided into two groups. One
group worked with interactive 3D visualizations and the other
one with static perspective views, which were identical to the
first views of the interactive variant. The testing was conducted
in September 2015.

Questionnaire
Demographic data
and previous

experience

AN

Training task Training task 1
Finding cube in terrain Finding cube in terrain
n
2 t
Task 1 Task 1 e
selection of the selection of the
highest point highest point r
] a
Task 2 Task 2 c
selection of the selection of the
highest point highest point t
[ ] i
Task 3 Task 3 v
determination of determination of
visibility visibility
¥
Task 4 Task 4 3
determination of determination of
visibility visibility D

Questionnaire
evaluation of difficulty

Fig. 1. Design of the experiment

3.2 Methodology and tools

Due to the lack of tools for usability testing of 3D visualization,
an experimental tool was designed and implemented. This
testing tool is based on open web technologies: HTML
(HyperText Markup Language), PHP (Hypertext Preprocessor),
JavaScript and JavaScript library for 3D rendering X3DOM.
X3DOM library was chosen for the implementation for its wide
support among commonly used Web browsers, as well as for
the availability of software to create stimuli and accessibility of
the documentation. X3DOM uses the data structure of X3D
(eXtensible 3D) format and is built on HTMLS5 and JavaScript
library WebGL. Principles, advantages and capabilities of
X3DOM are described for example by Behr et al (2009), and
Herman and Reznik (2015).

Urtete, Klery ze EtyT kulel je umistén v nejvy3si nadmoiské visce.

ABCD

Ulo2t 2 pokratorat

Fig. 2. Testing tool interface (task 1, interactive variant)

Speed and accuracy of each task performance of a particular
participant were recorded by the testing tool. The movement
and actions in a virtual environment were also recorded in detail
within the interactive variant. Functions called evt.position and
evt.orientation were used to obtain these data (see X3DOM,
2016). Usual JavaScript events, such as onmousedown, are used
to detect user interaction and used types of movement. The
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input features, e.g. buttons, checkboxes, radio buttons, are
implemented with the use of conventional HTML elements.

Urdete, Keré ze Ety? krychii sou viditeiné z vrcholu oznaceného Cervenym kuzelem

oooo
A BCD

UloZit 3 pokracovat

Fig. 3. Determination of visibility (task 3, interactive variant)

3.3 Tasks and stimuli

The testing set started with an initial questionnaire, followed by
a training task, continued with four experimental tasks and
concluded with a final questionnaire (see Fig. 1). The first and
the second tasks focused on finding the highest one out of four
points. The third and fourth tasks focused on the determination
of visibility of four points from the top of a particular mountain.

s | 9
Fig. 4. Starting views similar to perspective views
variant

B .

used in static

Digital terrain models represented the main part of the stimuli
used for the experiment (see Fig. 2, 3 and 4). Terrain models
from five different (hilly or mountainous) areas in Europe from
SRTM (Shuttle Radar Topography Mission) were used. These

data were processed in the ArcGIS (v. 10.2.) software. Raster
terrain models were transferred to regularly arranged points
which were transformed into TIN (Triangulated Irregular
Network) models created from the points (in the Universal
Transverse Mercator (UTM) coordinate system). These TINs
were converted into raster terrain models and then clipped to a
smaller size. They were visualised in ArcScene, their real
heights were doubled, and the colour scheme was set. Then they
were exported to VRML (Virtual Reality Modelling Language)
files and converted into an X3D.

The stimuli in the static variant were perspective views, which
were identical to the starting views from the interactive variant
of the experiment. These perspective views were generated
from X3DOM API function getScreenshot().

The type of movement, which is called ‘examine’, was chosen
for the interactive variant. Examine consists of three specific
motions: pan (performed by middle mouse button), zoom (right
mouse button) and rotate (left mouse button). The participants
tried all the individual motions during the training tasks in the
interactive part.

3.4 Participants

The group of participants included 22 volunteers — participants
in the action “Researchers Night”. There were 17 males and 5
females with an average age of 23.5 years (8 males and 3
females with an average age of 23 years for the interactive
variant; 9 males and 2 females with an average age of 24 years
for the static variant). All participants had some previous
experience with computerized 3D visualization applications, but
none of them was an expert.

The participants were randomly divided into two groups with
respect to an equal proportion of males and females. There were
equivalent experimental conditions for both static and
interactive 3D visualizations including all environmental issues,
such as noise, light conditions, etc. All participants agreed with
the procedure and participated voluntarily, with an opportunity
to withdraw from testing any time. All participants were
rewarded with small gifts after the end of the testing. They were
initially instructed that accuracy of answers is more important
than speed, and they were also informed that their performance
time is measured.

4. RESULTS

The duration of tasks (speed of users’ performance), correctness
of answers, errors and subjective evaluation of the difficulty of
individual tasks were analysed. The actions in a virtual
environment were also recorded a analysed in the interactive
variant.

4.1 Correctness

The average correctness was higher in the static variant. It
seems that interactive visualization has no benefits from this
point of view (see Fig. 5). The greatest difference of results was
found for two evaluated types of 3D visualization in the fourth
task. These results may be influenced by the nature of the used
terrain, by the initial position of the virtual camera and thus the
corresponding static perspective view.
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Fig. 5. Average correctness in percentage

The correct answers in Fig. 5 are considered those which are
entirely correct. They are listed in Tab. 1.

4.2 Errors

We can also look in more detail at the errors made by the
participants. As mentioned above, there is a difference between
the first and second task (with one possible answer) and the
third and fourth task, where the user was choosing among four
options (A — D). The interface of third task is shown in Fig. 3.
We can use the correctness and errors rate only to compare the
static and interactive variants of 3D visualization, but not to
compare the performance among different tasks. Both correct
and incorrect answers are summed up in Tab. 1.

Correct Wrong or incomplete answers
answer Interactive 3D Static 3D
Task 1 B - D
Task 2 D - R
A A
Task 3 A C C (3x) A, B, C (2x)
ACD A C,D
B
D (2x)
Task 4 B,D A D -
C,D

Tab. 1. Summary of correct and wrong answers

Regarding the tasks related to determination of visibility, the
majority of errors in the static version were omission errors.
Users selected more than two right answers. Commission errors
(in this case only one selected answer) are more common in the
interactive version. This may indicate different task-solving
strategies between both variants of 3D visualization.

4.3 Duration of users performances

The participants worked on three tasks (first, second and fourth)
faster when using the static visualization. The only exception is
the third task, where the average speed of the task performance
is lower for the interactive visualization (see Fig. 6). These
results can be interpreted in such way that the solution of the
task in slightly rugged terrain requires relatively less time to
find the answers. However, this task showed the lowest
correctness of answers, which is the lowest in both variants of
visualization. A comparison of correctness and duration of the
task performance indicates that the third and fourth tasks were
more demanding for the majority of participants (lower
correctness, longer duration of task performance).

Interactive 3D m Static 3D

Task 1 Task 2 Task 3 Task 4

Fig. 6. Average speeds (lengths) and standard deviations of task
performance

The values of standard deviations indicate (shown in Fig. 6) that
the differences between users are clearer than differences
between two types of visualization. This fact may be related to
different experience of individual participants regarding their
work with a virtual 3D environment. The standard deviations
are more variable mainly for less experienced users.

4.4 Analysis of interactive movement

We also studied the actions used for interaction with different
types of terrain in the interactive variant of 3D visualization.
We looked at the proportion of individual types of movement
during the tasks performance particularly regarding the user
strategies. The average lengths of using particular types of
movement (zoom, pan, rotation) and length of time when the
users did not interact with 3D scene is shown in Fig. 7.
Regarding the nature of stimuli and tasks, it is obvious that the
users most frequently rotated with terrain. In general, panning
and zooming are used only marginally although participants in
the interactive variant had to try all three types of movement in
their training task.

[s]

mzoom
30 | mrotation
Hpan
= without movement
20
10 :I I
0 - T T

Task 1 Task 2 Task 3 Task 4

Fig. 7. Average duration of use of individual types of movement

The differences between individual users were also obvious. We
identified three groups of users based on their interaction. There
were users that dealt with the tasks with little interaction (less
than three moves). No users had any previous experience with
3D visualization. On the other hand, we identified a group of 5
people who scored average with respect to the interaction in
most of the tasks. The remaining participants used variable
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sequences of individual movements. The number of participants
in this study is too small, so results can not be generalized, but
we want to further analyse individual differences during the
interaction with 3D spatial data

Longer time intervals without an action were often detected at
the beginning of the task performance. The data about actions in
the interactive 3D visualization can be further analysed and
visualized, e.g. as a trajectory above the stimuli (example shown
in Fig. 8) or as a sequence of movements in a bar chart. Overall
distances travelled by the participants in a virtual environment
can be calculated.

without movement M pan
[l rotation Il zoom

Fig. 8. Example of trajectory visualization

5. DISSCUSION

The presented results of a particular participant could be
affected by participants’ previous experience with 3D
visualization. The analysis of data from the initial questionnaire
shows that the participants working with static versions were
more experienced and familiar with 3D visualization. In the
future it will be useful to produce an initial questionnaire
focused on these aspects and divide participants into groups
according to the results of this questionnaire.

The differences in the results between the two types of
visualization (static 3D vs. interactive 3D) are undoubtedly
related to the concept of informational equivalence. Since the
visualizations are informatively equivalent only if all
information contained in one visualisation is derivable from the
other one. For example this concept was published by Larkin
and Simon (1987). We try to create informatively equivalent
visualizations, when all key points necessary for the task
performance were visible in both depictions of the terrain.
Regarding the static visualization, a part of the terrain may be
invisible since it may be hidden behind the terrain shape. The
interactive visualization solves this issue. Therefore, a part of
the information is hidden.

Larkin and Simon (1987) also describe a concept of
computational equivalence. They assume that representations
are computationally equivalent if a person is supposed to
perform exactly the same number of psychological processes
when reading them. In addition, the interactive 3D visualization
need to take into account the process related to the control of 3D
scene. The compared visualizations were not equivalent from
this point of view. The higher cognitive load may cause an

increase in the error rate or reduced user productivity in the
following tasks.

6. CONCLUSIONS AND FUTURE WORK

The main aim of this study was to identify differences in user
performance with static perspective views and interactive 3D
visualizations. The study was carried out as exploratory
research. In general, the participants working with static
perspective views reached better results. They made fewer
errors and were also faster. However, considerable differences
occurred between participants in the both compared groups.
Another type of errors the users made may suggest different
approaches (strategies) during task performance.

In our opinion, the results of the static 3D experiments cannot
be transferred to interactive GIS applications. We consider
interactive 3D visualization as richer in terms of information
and more computationally demanding on users, which is
reflected in a higher error rate. Especially the more experienced
users are able to cope with greater cognitive load. The
interactive testing tool shall be used in order to make results
relevant for interactive visualization. When comparing static
perspective views with interactive 3D visualization, it seems to
be better to use within-subject design of experiments. Based on
the results of this study and previous similarly focused research
(Sprinarova et al., 2015), we expect that interactive 3D
visualization will be more useful for professionals (those with
previous experience with 3D visualization), and for complex
tasks in particular.

Due to considerable variability of correctness and duration of
users’ performances in particular (both in the static and in
interactive variant), it will be necessary to focus on differences
between different groups of users in the subsequent research.
Regarding the interactive 3D visualization, it would be an
interesting and challenging task not only to monitor correctness
of answers and speed, but also user’s strategies and cues used
by the users for decision making For this purpose, it will be
beneficial to use mixed research design, which combines
advantages of quantitative and qualitative methods (Sterba et
al., 2014; Popelka et al., 2016). Therefore, an extension tool
‘Hypothesis module for interactive visualization” (described in
detail in Sterba et al., 2015) is planned. This will allow to test
3D interactive visualization with eye-tracking (Brychtova et al.,
2012). The research focused on 3D interactive visualization will
also require a methodology to be developed (e.g. metrics for the
movement in virtual space and interaction).
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