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ABSTRACT When exploring a 3Dmedical dataset, data occlusion creates difficulties for users to understand
the dataset in detail since many internal structures are occluded. Techniques such as transfer function design,
isosurface extraction, etc., have been proposed in the past to address the occlusion problem and assist expert
users in exploring volumetric data. However, these techniques may not be feasible for some non-expert users’
scenarios, such as science museum visitors exploring a brain CT image data volume on a large touch screen
or high school students learning the human body structure on a tablet because they have no need to conduct
long-term data exploration and rigorous scientific analysis. To address the non-expert users’ need for an
easy-to-use data exploration tool, we propose an interactive data exploration system for non-expert users
to interact with the dataset with a short learning time and simple inputs. Non-expert users can remove the
obstructing material to reveal the occluded structures by simply clicking on the obstructing material. Our
system also preserves the context for non-expert users to understand the dataset after the obstructing material
is removed easily. Additionally, for data providers such as the engineers in a museum, our system provides a
semi-automatic workflow to set up a dataset into our system for non-expert users. In this work, we conduct
two user studies to evaluate our system’s usability.

INDEX TERMS 3D data visualization and exploration, human–computer interaction, occlusion manage-
ment.

I. INTRODUCTION
Volume visualization [1] is a major technique that assists
users in comprehending complex geometric structures of
three-dimensional space. The technique has been widely used
in engineering, architecture, medicine, and other scientific
fields. For instance, experienced physicians can review com-
puted tomography (CT) and magnetic resonance imaging
(MRI) scans to diagnose and make decisions for surgery.
Data occlusion creates difficulties for users to explore and
understand a 3D dataset in detail since many of the details
are occluded when the dataset is rendered on the 2D screen.
In order to assist users in exploring 3D datasets, many tech-
niques have been invented in the past few decades. For
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example, transfer function is designed to define the colors
and opacities of different data materials to project 3D dataset
to 2D screen space [2], [3], [4]; Isosurface extraction [5] is
used to retrieve the surface with the same data value giving
experts the ability to observe the specific geometric shapes to
identify important features of the datasets; Data removal or
data deformation techniques [6], [7], [8], [9] allow experts to
remove obstruction between the view and the feature of inter-
est. Although these techniques can help experts explore their
datasets, they may not be feasible for non-experts. For exam-
ple, science museum visitors exploring a brain CT image
volume dataset on a large touch screen or high school students
learning the human body structure by interactingwith the data
on a tablet are both non-expert user scenarios. These non-
expert users usually do not have a long time to interact with
the dataset and conduct rigorous scientific studies, and they
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FIGURE 1. The user interface of the proposed system for non-expert users. (A) Navigation view gives non-expert users an overview of the materials
structures of the dataset. The number of these major material structures is defined by a semi-automatic algorithm and data providers’ decision.
(B) Manipulation view is the main view for the users to interact with the dataset. More details of the interface will be described in Sec. IV.

also do not have explicit prior knowledge of the dataset. Thus,
asking these users to spend hours learning how to manipulate
visualization parameters to show the different structures of
the dataset, such as adjusting complex transfer functions for
direct volume rendering, is not practical. Although a few
systems have been proposed in assisting non-expert users to
explore 3D datasets [10], [11], these systems may need users
to know what objects to look for and to have a certain level of
understanding of the dataset or prior knowledge of the opacity
function.

In conclusion, the challenges of non-expert users’ explo-
ration of a 3D dataset can be summarized as follows: (1)
non-expert users usually only have inadequate understanding
of the dataset, and (2) they only have limited time to familiar-
ize themselves with a powerful but complex tool. Therefore,
the goal of this work is to design a tool that will aid in
the scenario. The objectives are as follows: (1) To show an
overview of the dataset to non-expert users. (2) To create a
tool with easy-to-learn interaction for data exploration that is
adaptable to both mouse and touchscreen input devices. (3)
To develop sufficient 3D contextual information to enhance
the user’s dataset exploration.

To achieve this goal, we mainly target medical datasets
to propose a system that allows non-expert users to simply
and interactively specify and remove the obstructing data
to explore the internal structures of a 3D dataset. Because
medical datasets usually consist of multiple materials, our

systemfirst automatically analyzes the dataset to identify sev-
eral major structures of the datasets by evaluating the shape
similarity among isosurfaces. For example, major material
structures could be the foot dataset’s muscle or bond mate-
rials. Our system design also has the potential to be applied
to non-medial datasets if the datasets also consist of obvi-
ous material structures. Each structure represents an isovalue
range that contains isosurfaces without significant shape dif-
ferences. Because of the above information, our system can
properly remove a thick obstructing material structure speci-
fied by the users and reveal another material structure behind
the obstructing one. In addition, we use a visibility-driven
approach to predict what obstructing material in 3D space is
specified by the users when the users can only point out the
obstructing material on a 2D screen.

To remove the obstructing material structures, we propose
two removal modes to preserve the proper context for data
understanding and serve different users’ purposes. The first
is a local removal mode that allows users to dig out local
obstructing materials through simple inputs. The progressive
local digging interaction not only composes the mental con-
text for users through the interactions but also creates spatial
context around the digging region and can be considered
like the real-life behavior of digging to find buried objects.
Non-expert users can easily understand the interaction and
processes of our system to learn a new 3D dataset. The second
is a global removal approach that allows users to remove a
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large region of the obstructing material structure efficiently.
However, from simple user inputs, it is not easy to determine
whether our system removes sufficient obstructing materi-
als that match the users’ expectations or already removed
unseen data. Therefore, we develop a material segmenta-
tion approach to detect non-connected components to avoid
removing unexplored parts of the data material. Should the
users want to remove a larger region of data quickly, this
design can better prevent removing unseen materials.

In the end, we develop a complete interface for the data
providers, such as the museum engineers, to properly set up
the data into our system and for non-experts users to quickly
interact with a 3D dataset without a long training time. Fig. 1
is the interface for non-expert users. The non-expert users
can both remove obstructing material structure to explore
the dataset (Fig. 1(B)) and have an overview of the dataset
(Fig. 1(A)) before they start to explore the data. In addition,
we also allow non-expert users to remove obstructing struc-
tures at different parts of the dataset using different shape
lenses (Fig. 1(6)) to better preserve the data context.

We used different datasets to demonstrate the capabilities
of our system in Sec. V. We also did an evaluation with
two studies. Study one discusses the usability of our tool
and its’ features using the System Usability Scale (SUS)
and additional questions focusing on the tool digging modes.
While the second study focuses on the comparison between
our tool and Paraview. Moreover, in the second study, we also
illustrate the versatility of our proposed system by applying
it to non-medical volume datasets, thereby demonstrating its
potential for application beyond the medical domain if the
dataset also consists of multiple significant layer structures.
In summary, the contributions of this study are threefold:

• A semi-automatic approach to segment 3D dataset into
major layer structures to facilitate the setup of the dataset
for exploration by non-expert users.

• An obstructing removal process that utilizes progressive
digging interaction for non-expert users to intuitively
identify and remove obstructing structures while main-
taining good three-dimensional contextual awareness.

• A user-friendly interactive interface for both data
providers and non-expert users, and a comprehensive
evaluation of the proposed system.

II. RELATED WORK
In this section, we review the basic information theory and
some applications, and we also introduce previous works on
occlusion management and deformation techniques.

A. FEATURE EXTRACTION
Extracting volume features in the 3D space and using various
techniques to emphasize the volume structure of interest can
help users better understand volume data. The 3D region
growth technique proposed by Huang and Ma [4] for volume
visualization uses the partial or full region growth technique
in its interactive dual domain interface. The work can shorten

the trial-and-error process of interactive data exploration.
Recently, Xu et al. [12] proposed a survey to categorize four
types of enhancement of characteristics (external, internal,
structure, ideographic) in volume data. The transfer function
is a commonly used technique that maps data volumes to
colors and opacities to emphasize important structures in
the volume-rendered images. Over the past few decades,
researchers have developed new transfer function design
algorithms to automatically extract important structures and
emphasize them in the volume rendering images. Ma and
Entezari [13] proposed an approach that uses feature visi-
bility to measure opacity changes when designing 1D and
2D transfer functions. ImageVis3D [14] is a system that
presents the visually segmenting results of a hierarchical
classification in Intensity-Gradient 2D histograms to assist
users in exploring volume data. Wang et al. [15] extended
the visibility histograms proposed by Correa and Ma [16]
to calculate feature visibility, which made the transfer func-
tion design more informative. Regarding feature analysis,
the information theory proposed by Shannon [17] introduces
the concepts of entropy and mutual information. Bruckner
and Moller [18] can automatically detect representative iso-
values by using information-theoretic measures of similarity
between isosurfaces. Wei et al. [19] are able to determine
whether the pre-selected isosurfaces are representative by
using information-theoretic to compare the level-set-based
surfaces and true isosurfaces.

Most of the aforementioned approaches offer various
methods for retrieving or displaying features that have sig-
nificant scientific significance for users. For example, the
approach proposed by Bruckner and Moller [18] requires the
significant involvement of users to segment a dataset into
significant layers. Based on their approach, we use a cluster-
ing algorithm to automatically group similar isosurfaces and
reduce the workload for users when segmenting a dataset into
multiple layers.

B. OCCLUSION MANAGEMENT
Occlusion management is one of the major techniques to
assist users in exploring 3D datasets. Elmqvist and Tsi-
gas [20] proposed a taxonomy that classifies more than
50 methods into five design patterns: multiple viewports,
virtual X-Ray, tour planner, volumetric probe, and projec-
tion distorter. Cui et al. [21] proposed a curved ray cam-
era technique. Wu and Popescu [22] presented a multi-
perspective focus and a context visualization framework,
both of which are used to address data occlusion problems.
Tominski et al. [23] presented functions of various lenses
with the goal of selecting the proper lens for different data of
interest based on the user’s intent. Traoré et al. [10] proposed
four requirements that most occlusion management methods
cannot satisfy simultaneously and address the occlusion prob-
lem by gathering and scattering rays with lenses.

In addition, many previous works are inspired by illus-
trations or surgical ideas. Such as, Correa et al. [24] use
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some operator functions as a surgical tool in the medical
volumetric data exploration; Li et al. [25] use a metaphor of
virtual retractor as a medical retractor for surgeries to perform
cutting and splitting of a dataset. The approach considers
physically-based technology to make the procedure looks
natural. Stoppel and Bruckner [11] used a set of simple
shapes to approximate complex structures with visualization
results similar to the perspective illustration drawn by artists
or illustrators. The previous approaches employed various
metaphors inspired by real-life experiences to enhance scien-
tists’ intuitive understanding of the 3D context of the datasets
during the obstruction removal process. In addition, Wu and
Popescu [22] also survey and discuss the techniques to solve
data occlusion. In their survey, they conclude one of the major
concepts to solve the data occlusion problem is to enable local
change. Inspired by the aforementioned survey, we develop
the obstruction removal approach that simulates the digging
behavior commonly observed in daily human activities to
build users’ 3D context while exploring the 3D dataset.

C. INTERACTIVE VISUALIZATION
Originally, interactive visualization techniques were more
PC-based, with input from devices such as keyboard and
mouse. However, recently tablets have gained more popu-
larity as an alternative to interactive systems, particularly
among non-experts. For the small screen with touch control,
a few approaches have been proposed. For example, Li and
Shen [26] proposed an interactive system that combines a
variety of interactive tasks on the touch screen. Furthermore,
there have been studies for large touch screen devices, such
as a multi-touch table system for orthopedic surgery plan-
ning and other applications [27], IsoCam, a novel indirect
user interface for museum exhibitions [28]. Because of the
widespread use of tablet devices and the above survey, our
objective is to design an interactive process that allows users
to intuitively point out the obstructing structures while being
compatible with both PC and tablet platforms.

III. ALGORITHM OVERVIEW
Our system design considers two types of users: non-expert
users and data providers. Non-expert users are people who do
not have strong prior knowledge about the data set and do not
have a long time to interact with the data set. One example of
the non-expert users is the visitors in the museum. Another
type of users are the data providers, people that are going to
setup the data into our system for non-expert users to explore.
Data providers have much better knowledge about the dataset
and scientific data visualization. One example is the scientists
or engineers in the museum setting up the system. In order to
serve these two types of users, we define the following four
system design requirements:

• RQ1: Provide an overview and interface for data
providers to setup the dataset for the non-expert users.

FIGURE 2. System overview. (a) The illustration of the configuration for
the 3D data volume rendering in our system. The transfer function is set
up by the data providers. The non-expert users do not have to touch the
transfer function. (b) The preprocess to determine the number of major
material structures and non-connected segmentation of each material
structure. (c) The illustration of local digging structure mode and global
erasing structure mode for non-expert users to remove obstructing
materials.

• RQ2: Allow non-expert users to specify the obstructing
structure on a 3D volume rendering image with a simple
input on both touch and non-touch screens.

• RQ3: An obstruction structure removal process that
assists non-expert users to easily understand the removal
and the revealed structures.

• RQ4: Provide a comprehensive and intuitive interface
for non-expert users to smoothly explore each structure
of the dataset.

In the following, we use a foot dataset to illustrate our
system (Fig. 2) and briefly describe how it tackles the chal-
lenges and satisfies our requirements. From top to bottom,
our algorithm is divided into three stages: volume rendering,
volume pre-computation, and volume exploration.

When the data providers, such as the high school teacher
or museum scientists, load the data into our system, our
system will evaluate the isosurface similarity to segment
the 3D data into multiple material structures and compute
non-connected components of each material structure before
the non-expert users start to explore the data (Fig. 2(b)). The
segmentation process is automatically done by our system.
The data providers only have to select the desired number
of layer structures and assign the opacity and color to the
different material structures. Figure 3 shows the interface for
data providers. At the top of the left-hand side of the interface,
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FIGURE 3. Data provider interface. The interface is divided into three views. The data provider can select the number of layer structures and observe each
layer in the cluster selection view, setup the color and opacity of each layer structure in the transfer function view, and preview and interact with the data
in the volume preview view.

the data provider can select a desired number of layers for
non-expert users through the drop-down menu. Then, the
individual layer with the selected number of layers is dis-
played on the main view of the left-hand side of the interface.
Once the number of layers has been determined, the data
provider can adjust the opacity and color for each layer via the
panel on the right-hand side. Additionally, the data provider
can have a preview and interact with the dataset using the
current settings in the view in the middle view. In addition,
our system also shows the individual layer structures to the
non-expert users to help them acquire the basic structural
awareness of the volume data before beginning to interact
with it, which fulfills requirement RQ1 and the corresponding
challenge. The details will be discussed in Sec. III-A.

Fig. 2(a) illustrates the volume visualization process. Our
system uses direct volume rendering to render the 3D data
volume inside the predefined green bounding box Sbox . Each
pixel emitted from the camera position is divided into n
sample points. The data value corresponding to the sampling
point falling in the Sbox is mapped to the material’s color and
opacity defined by the data provider. However, non-expert
users do not need to know this visualization process and only
have to pay attention to the volume data displayed on the
screen.

Figure 2(c) presents the procedure for removing obstruct-
ing structures. We adopt a visibility-based approach for
identifying the obstructing structure along the depth direc-
tion indicated by the user. Because of the visibility-based
approach, the system allows users to use a simple clicking
or pressing on the obstructing structure they see to specify
the obstructing structure, which fulfills requirement RQ2 and
tackles the corresponding challenge. In order to develop 3D
contextual information for non-expert users, we provide a

digging structure mode that enables users to locally explore
regions of interest. This interaction allows users to progres-
sively remove obstructing structures, and it is similar to the
digging behavior in the real world. Non-expert users can
easily understand the interaction and develop 3D contextual
information, which fulfills requirement RQ3 and tackles the
corresponding challenge. After the users think a material
structure has been well explored, an erasing structure mode is
provided to remove and explore the entire connected structure
globally. The details will be discussed in Sec. III-C.

A. MATERIAL STRUCTURE PRE-COMPUTATION
Inmany classic 3D visualization tools, users need tomanually
adjust complex transfer functions to explore the structures
of 3D dataset. Our work’s focus is to facilitate 3D data
exploration for non-expert users, so it is not practical to ask
non-expert users to learn how to adjust the complex transfer
function. Therefore, the primary task in this pre-computation
stage is to compute material structures with significantly
different shapes and segment the 3D dataset. For example,
this pre-computation method can segment a foot dataset into
the muscle, bone, and two other internal bone structures in
Fig. 2. This information allows data providers to conveniently
assign opacity and color to the extracted major material struc-
tures for volume visualization and provide non-expert users
an overview of the dataset before starting the exploration.
In addition, this information is also utilized in the obstructing
object selection step to simplify manipulations for non-expert
users.

In order to divide a dataset by a few major material
structures, we are inspired by previous research by Bruck-
ner [18] and Wei et al. [19]. Both works integrate different
techniques based on information theory to identify the most
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FIGURE 4. (a) Illustration of a single ray that is cast in the direct volume rendering algorithm and the ray is selected by the non-expert user when the
user sees the obstructing material on the corresponding pixel. (b) The visibility-driven approach to detect user-selected obstruction. This figure
represents the cumulative opacity function of the red arrow ray in (a). (c) The isosurface similarity clustering-based approach to identify main material
structures. The heap map shows the similarities of all isosurfaces pairs and the clustering result for the Hydrogen Atom dataset when the number of the
cluster is set to four. The images in the middle are the material structures of the four isovalue clusters.

representative material structures. We utilize the concept of
isosurface similarity to automatically identify the most rep-
resentative material structures of a dataset. We first measure
isosurface similarity of all pairs of possible isovalues’ isosur-
faces by calculating the shortest distance from each vertex in
space between isosurfaces. Similarity value ranges from 0 to
1 according to their similarities range, with 0 meaning that
the two isosurfaces have no similarities and 1 meaning that
the two isosurfaces are the same. After the computation,
we can virtually create an isosurface similarity map showing
Fig. 4(c). Note that the isosurface similarity map is only
shown to the data providers to set the dataset into our system.
The isosurface similarity map is not shown to the non-expert
users and they do not need the information from this map to
explore the 3D dataset.

In order to allow data providers to more quickly and flex-
ibly identify isovalue ranges for major material structures,
and set up the dataset for non-expert users, we use a hier-
archical clustering algorithm [29] to cluster the isovalues
into N isovalue ranges. Data providers can give the desired
number of material structures, N . The hierarchical clustering
algorithm will evaluate the isosurface similarity map. If the
isovalues’ isosurface shapes are similar, the isovalues should
be clustered into the same cluster. As Fig. 4(c) shows, the
clustering result will be shown to the data providers. The
data providers can iteratively try different N values to find
the desired number of major material structures. After data
providers determine N , because the dataset is divided into a
few material structures, they can easily assign the color and
opacity for each material structure.

Fig. 4(c) illustrates this process to calculate material struc-
tures from an atom dataset. The isosurface similarity map
shows the similarity values among all pairs of isosurfaces.
The x- and y- axes are isovalue, and the brighter blocks along

the diagonal represent isosurfaces of isovalues with similar
geometric structures. Note that this isosurface similarity map
is only shown to the data providers to select major material
structures. The data provider can select the desired number
of material structures, N . Fig. 4(c) shows the hierarchical
clustering result when the data provider set N to 4. The red
rectangles indicate the 4 clusters’ isovalue ranges. According
to the four isovalue ranges, the whole atom dataset is sub-
divided into four main material structures with significantly
different shapes, which is shown in the middle of Fig. 4. After
the data provider sets the color and opacity the four material
structures, the dataset is successfully set up in our system, and
the non-expert users can start interacting with the dataset.

B. INTUITIVE OBSTRUCTING STRUCTURE SELECTION
According to requirement RQ2, our system design should
allow users to intuitively select the obstruction with simple
inputs. Therefore, we follow the WYSIWYG (What You See
IsWhat YouGet) principle to design our obstruction selection
function. Users can just click or press on the obstruction when
they want to select an obstruction and explore the material
behind it. However, when a 3D dataset is visualized by direct
volume rendering, the material could be semi-transparent,
and the color of a pixel could be composed of multiple
different materials. When the non-expert users click on the
screen, they only select a pixel ray instead of selecting a
point in the 3D space. Therefore, we cannot directly know
which material they point to. In order to determine which
obstructive material non-expert users want to select along
the pixel ray, we utilize the visibility-oriented picking tech-
nique. The idea of the visibility-oriented picking technique
is to analyze which material contributes the most opacity to
the pixel color to predict which material the users want to
select along the pixel ray. A classic visibility-oriented picking
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technique [30] has to compute the first and second derivative
of the ray’s accumulated opacity to determine the maximum
opacity value change of material to determine the selected
material. In order to efficiently calculate the selectedmaterial,
we can use the pre-computedmaterial structures in Sec. III-A.
We calculate each material structure’s ray-accumulated opac-
ity, and visibility (alpha), to determine the most visible
material. Fig. 4(a) and Fig. 4(b) show the obstruction selec-
tion on the hydrogen atom dataset. Fig. 4(b) illustrates the
accumulated opacity value of the pixel ray of the selected
pixel (red arrow) in Fig. 4(a). The colors in Fig. 4(b) represent
different material structures along the selected pixel ray and
the y-axis represents accumulated opacity from the camera
view. In the example in Fig. 4, cluster 2 has the maximum vis-
ibility contribution because the accumulated opacity within
cluster 2 is larger than that of other clusters. Therefore, when
non-expert users click on this pixel, we predict that the users
select material 2 as the obstructing structure.

C. OCCLUSION REMOVAL
Our system provides two obstruction removal modes, local
digging structure mode, and global erasing structure mode.
The local digging structure mode removes the obstruction
locally and keeps the context around the local region. The
global erasing structure mode allows users to remove a whole
material structure quickly. This section is going to introduce
the details of these two modes.

1) LOCAL DIGGING STRUCTURE MODE
The main goal of this digging structure mode is to simulate
the behavior when a person digs out material along the view
depth direction. The person keeps digging out the obstructing
material until the person touches and reveals another mate-
rial structure. We use Fig. 5 to illustrate the local digging
structure mode. Fig. 5(a) is a sphere with a gold surface.
Fig. 5(b) is a hand-drawing perspective view to show the
structures of the dataset. The big gold sphere contains three
smaller spheres with different sizes. If the user clicks at the
red dot on Fig. 5(a), it means that the user would like to
remove what the user sees at the red dot and explore the
data behind it. In this case, the users would like to remove
the gold material to explore the data behind it. Fig. 5(c)
(front side view) and Fig. 5(d) (back side view) are the result
when the non-expert users select the gold material as the
obstructing material structure to dig out in Fig. 5(a). Because
the upper part and bottom removed parts in Fig. 5(c) are all
gold materials along the view depth direction, they are fully
removed. The gold material in the middle part in Fig. 5(c)
is removed until another material structure (orange material)
is revealed. In addition, the goal material behind the orange
material (Fig. 5(d)) is still preserved for the users’ further
exploration.

To implement the local digging structure mode, we present
a local lens placement to dig out the selected obstruction from
Sec. III-B in the lens region. When users click on the screen,
the clicking point will be the center of the lens. Our system

then calculates each pixel ray in the lens region indepen-
dently to identify the obstructive material by the algorithm
introduced in Sec. III-B. The system will then dig out all
samples from the camera to the selected obstructive material.
The removal process means the samples of these materials
will be ignored in the rendering pipeline. Fig. 5(f) shows the
circle focus lens used in this example. The pixel rays inside
the region compose a red cylinder region. Our system will
process all the pixel rays inside this cylinder region to remove
the obstruction.

We also use ray 1 and ray 2 in Fig. 5(f) and (g) to illustrate
the implementation procedure of our local digging structure
mode removal algorithm in detail. Ray 1 and ray 2 are two
rays inside the lens. The orange point represents the boundary
of the selected obstructive material close to the camera, and
the green point is the boundary of the selected obstructive
material on the other side. From ray 1, it can be seen that
the visible structure of an entirely golden block region will
be removed, while from ray 2, it can be seen that the orange
structure and the gold material behind the orange structure
will remain because these materials are behind the green
point.

Furthermore, to keep more context for users, our system
allows users to dig out multiple local regions, or multiple
obstructive materials along the view depth direction. Fig. 5(e)
shows the results after the user clicks once at the right hol-
low’s center and twice at the blue arrow. Because the user only
clicks once at the right hollow, only one material structure
(gold surface) is dug out. The user clicks twice at the blue
arrow region, so two materials (gold and orange) are dug out,
and the internal dark orange material is revealed. In addition,
our system does not only provide one lens shape for non-
users users. We define three different shapes of lenses, circle,
retractor, and cuboid, for non-expert users to freely select
the proper lens shape to remove the obstructing material
when exploring the different portions of the dataset. Fig. 11
illustrates the three shapes of lenses and the use of applying
them to different parts of the head datasets.

2) GLOBAL ERASING STRUCTURE MODE
The non-expert users sometimes may want to quickly remove
a whole selected obstructing material structure, such as the
whole gold material in Fig. 5, instead of digging out a lot
of ‘‘holes’’ to remove it. In addition, after the users dig out
multiple ‘‘holes’’ and get a sense of a material structure, they
may want a more efficient function to remove the whole
obstructing material structure. Therefore, our system pro-
vides a function called global erasing structure mode to allow
users to remove a whole material structure with one simple
click. However, by the material structure pre-computation
introduced in Sec. III-A, one material structure consists of
the isosurfaces of an isovalue range. Therefore, the material
structure could consist of multiple non-connected pieces,
which could spread over different locations in the data volume
space. If we directly remove all the pieces of the selected
material structure, we may remove some pieces that the users
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FIGURE 5. Illustration of the local digging structure mode. (a) shows the dataset before the removal operation. (b) shows a hand-drawn perspective
view of the dataset. (c) shows the result when the user clicks once at the red dot in (a). (d) is the opposite side of (c). (e) shows the result when the user
clicks twice at the blue arrow and once at the center of the right hollow. (f) shows the side view of the lens of (a) when the user clicks on the red dot in
(a). (g) shows two rays that pass different portions of the dataset to show how the digging structure mode works.

FIGURE 6. The overview of the segmentation algorithm. (1)
Decomposition of the material structure shown in (a) to calculate for the
convex parts. (2) The mesh collision detection combines convex parts into
three non-connected components. (3) Transfer the segmentation result
into the texture memory for the non-expert user interaction stage to use.

never see, and the user may never know the pieces that exist
in the dataset. In addition, this way can keep more context
for the users. Therefore, the global erasing structure mode
should only remove the selected piece, instead of removing
all non-connected pieces of the select obstructing material
structure.

When a material structure is selected as an obstruction,
we have divided the material structure into connected com-
ponents. The segmentation algorithm is illustrated in Fig. 6
and we use the material structure 2 of the atom data in Fig. 4
as an example. The material structure of the hydrogen atom
is composed of 208,440 vertices and 69,480 triangular faces,
as shown in Fig. 6(a), we use the segmentation algorithm [31]
proposed by Mamou and Ghorbel to merge any triangle
meshes as convex solutions. The algorithm approximates
16 parts of convex decomposition structures in this situation,
as shown in Fig. 6(b). Then, the mesh collision detection
is executed. The meshes that collide with each other are
considered as connected structures and combined into the
same piece. Fig. 6(c) show 3 connected components after the
convex parts are merged. Finally, we save the segmentation
structure in the 3D texture to be used in the rendering stage,
as shown in Fig. 6(d).

Therefore, if the non-expert users observe and consider the
material structure 2 in Fig. 6(c) as an obstructing structure and
click on the purple piece, our system will only remove the
purple piece instead of the whole material structure 2. Our
system allows the user to control the animated transition to
make the piece invisible from the clicking point to the whole
piece.

IV. INTERACTIVE EXPLORATION SYSTEM
This section will introduce each view in our system interface
(Fig. 1) and their functions in detail.
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• Navigation View (Fig. 1(A)). The navigation view is
an overview for non-expert users to browse the material
structures of the dataset. As we mentioned in Sec. III-
A, the data providers and the pre-computation algorithm
determine the number of material structures. In addition,
we also allow the data provider to set up a different
number of materials for the non-expert users to select
when exploring the dataset (Fig. 1(1)). By browsing
this view, users can develop a rough mental map of the
dataset to start the data exploration. Therefore, users
can more easily know whether the target structure has
been revealed and observe the 3D context around the
structure.

• Manipulation View (Fig. 1(B)). This view consists of
two display areas and multiple control panels. The dis-
play area on the left-hand side is the main display. The
main display shows the volume rendering result, and
the non-expert users can specify the obstructing struc-
ture to remove on this display. The display area on the
right-hand side shows the obstructing structure that is
just removed from the main display. This display pro-
vides more context to users to understand the removing
and remaining parts of the dataset.
Mode Selector: (Fig. 1(2)) The control panel for users
to select local digging structure mode or global erasing
structure mode to remove the obstructing structure.
Orientation Controller: (Fig. 1(3)) The non-expert
users can usually rotate the data by dragging the data on
the display area. This controller allows users to rotate the
data by 90 degrees along a single axis.
Lens Shape Selector: (Fig. 1(6)) We provide three dis-
tinct lens shapes, round, square, and retractor, allowing
users to select different lens shapes for a particular por-
tion of the volume. Users can select different lens shapes
by this selector.
Lens Size Slider: (Fig. 1(4)) When the system applies
a lens to remove the obstructing structure. The user can
control the lens size by this slider.
Light Switch: (Fig. 1(5)) Our lighting model consists
of diffuse and glossy illumination. The users can enable
or disable the illumination effect to render the dataset.

V. CASE STUDIES
We explore the different applications of our tool for
non-expert users in this section. The first case uses
the demonstration of the kidneys’ dataset, showing how
non-expert users can easily explore the dataset by using our
system. The second case uses an atom dataset to show how
our system can better help non-expert users preserve the con-
text of the dataset when they use the tool’s mode to remove
structures compared to another scientific 3D visualization
tool like Paraview. The last case uses a human head dataset
to demonstrate how different lens shapes can better remove
obstructing structures from a different portion of the dataset.
The study not only uses medical image volume datasets
but also incorporates non-medical image volume datasets to

FIGURE 7. (a) Illustration of the arterial circulation from Servier Medical
Art. (c) Kidney visualization using our system before the obstructing
material structure removal. (b) is the visualization to show the kidneys
and the tumor by the classic slice plane technique. (d) is the visualization
to show the the kidneys and the tumor by the classic cuteaway technique.

demonstrate the versatility of our system when using diverse
dataset and in other cases where the dataset consists of mul-
tiple significant layer structures.

A. USE CASE 1: KIDNEY DATASET
Kidneys are paired bean-shaped organs placed on both sides
of the posterior lumbar spine that belong to the urinary system
of the basic organ system of the human body [32], as shown
in Fig. 7(a). In this case, we assume the non-expert users
already know that the main purpose of interacting with this
dataset is to explore and observe the tumor on the kidney.
Therefore, their goal is to first locate the kidneys and then
compare the difference between kidneys to find the tumor.
In the beginning, the dataset is rendered as Fig. 7(c) for users
to start the exploration. The user first clicks around to dig
out the obstructing materials around the kidneys’ location
to locate the kidneys. Through this interactive digging and
revealing structures process, the user can have a better context
on the relative position of the kidneys. An intermediate result
will be that the user discovers the location of kidneys is shown
in Fig. 8(a). After locating the kidneys and knowing what
material (the green one) occlude the kidneys, the user uses
the global erasing structure mode to erase the whole green
material to more easily observe and compare the two kidneys
and observe the tumor on the right kidney. The result is shown
in 8(b). Because of our material structure pre-computation,
different material structures of the dataset are well separated
at the data preparation stage and used to configure our system
by the data provider. Therefore, non-expert users can reveal
and observe the kidneys with clear internal blood vessels and
tumor boundaries by just a few simple clicking.

B. USE CASE 2: ATOM DATASET
The physicist Rutherford initially proposed amodel of atomic
structure in 1911 [33]. As shown in Fig. 9(a), the nucleus
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FIGURE 8. Exploration for the tumor on the kidney by our system. (a) is
the result from the local digging structure mode (b) is the result from the
global erasing structure mode. The zoom-in view is the tumor on the
kidney. The internal blood vessels and the tumor can be observed clearly
by both modes.

FIGURE 9. (a) Illustration of a shell atomic model (Copyright 
2012
Encyclopædia Britannica, Inc. All rights reserved.) (b) Images constructed
using the 3D Paraview visualization tool. In (c) and (d), both users click
on the left part of the blue material structure to reveal the internal green
material structure using the global erasing structure mode. (c) uses the
global erasing structure mode without non-connected component
segmentation. (d) uses the global erasing structure mode with
non-connected component segmentation.

comprises of protons, neutrons, and electrons that can be
found in a shell at a particular distance from the nucleus.
Each shell layer looks like an onion from the outside to the
interior. The primary goal of this use case is to show how
non-expert users can understand the illustration structure of
the atom shown in Fig. 9(a). We also compare the usability of
our system with Paraview [34], a popular scientific data visu-
alization software, for non-expert users, and the difference
between using the non-connected component segmentation
introduced in Sec. III-C2 and without it.
In order to show the multi-shell structure on Paraview,

we manipulate Paraview to produce the visualization in

FIGURE 10. Illustration of steps to interactively explore the left shell
group. (a) is the view without any obstructing structure removal. (b) to
(d) are shown after the user clicks on the left shell group in (a) to (c),
respectively.

Fig. 9(b). To produce the image in Fig. 9(b), we have to
manipulate Paraview to extract the isosurfaces of multiple
shells, execute the plane cutting to show half of the shells,
and change the opacity of the cutting range. By the above
complex steps, the center of the atomic cross section and the
surface of the outer shell can finally be observed. However,
going through the above steps and producing the image is not
easy for a non-expert user.

In contrast, our system allows users to interactively remove
the obstructing shell and reveal the internal shells by simply
clicking on the obstructing shell. The designed manipulation
of our system is intuitive and easy to use by non-expert users,
and this interactive data exploration can also develop the
mental context for users to learn themultiple shell structure of
the atom. Figure 10 shows the steps to interactively explore
the left shell group. By every click on the left shell group,
one obstructing shell is removed, and one more internal shell
is revealed.

In addition, we develop the non-connected component
segmentation technique in Sec. III-C2 to only remove a con-
nected material structure when users click on the obstructing
material. This technique can preserve a better context for
users to observe and understand the dataset. Fig. 10(d) is the
obstruction removal result with the non-connected compo-
nent segmentation when users click on the left shell group
to remove an outer blue shell and reveal the internal green
shell. Fig. 10(c) is the obstruction removal result without
the non-connected component segmentation when users click
on the same obstructing structure. When users click on the
left shell group, the user could mentally divide the dataset
into left, middle, and right parts, and the user only focuses
on the left shell group. Only removing the blue material on
the left shell group (Fig. 10(d)) better fits the user’s mental
assumption and preserves more context for the user than
Fig. 10(c).

C. USE CASE 3: HUMAN CT DATASET
Our system provides cylinder, cuboid, and diamond lens
shapes for users to dig out obstructing structures. In this
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FIGURE 11. The comparison of using single shape lens only and multiple
shape lenses on different parts of the CT dataset.

section, we use the visible human CT head volume dataset to
demonstrate that different regions of the dataset could need
different shapes of lenses to be explored more effectively.
Therefore, allowing users to freely select different lens shapes
to dig out obstructing material can benefit data exploration.
The dataset is a native UVF format dataset provided by the
ImageVis3D program developed by the NIH/NIGMS Center
for Integrative Biomedical Computing [35]. The dimension
is 512 X 512 X 512. In Fig. 11(a), we dig out the muscle at
the mouth, head, and eye regions with diamond shape lens
only. We can observe that the diamond shape lens fits the
head well. However, the diamond shape lens can only dig
out a long and slim hole around the eye region and cannot
keep the proper context to observe the data around the eye
region. In Fig. 11(b), we use the diamond shape lens to dig
out the material at the head region, the cylinder shape lens
to dig out the obstructing material at the eye region, and
the cuboid shape lens to dig out the obstructing material at
the mouth region. Using different shape lenses at different
regions, we can dig out a region and keep the proper context
for users to easily observe and understand the dataset.

VI. EVALUATION
To evaluate the tool in different aspects, we conducted two
studies. In study 1, we evaluate the system usability using the
System Usability Scale (SUS) and additional questions we
create to evaluate the (Local) Digging Structure and (Global)
Erasing Structure mode from the tool. Study 2 compares our
tool capabilities and features with Paraview, a commonly
used tool in scientific 3D data exploration.

A. STUDY 1: SYSTEM USABILITY
System usability is how effectively the user can utilize the
tool. For this study, we use System Usability Scale (SUS).
In addition, four additional questions were added to assess
the usability of the tool’s two modes and participants’ prefer-
ences. To provide qualitative usability value, semi-structured
interviews were conducted with some participants.

1) SYSTEM USABILITY SCALE (SUS) MEASUREMENT
The System Usability Scale (SUS) was first introduced by
John Brooke in 1986 [36]. The SUS was selected for this
study because it is a popular and reliable method used

as a quick way to measure the usability of a tool [37].
To increase the accessibility of the questionnaire, the partic-
ipant were given the Chinese translation of the SUS. Yuhui
Wang et al. [38] had provided a Chinese translation of the
SUS, which had been tested for good reliability.

SUS consists of a 10-item questionnaire that measures the
user’s subjective assessment of the usability of the system.
There are ten questions in the SUS scored on a five-point
Likert scale [39] ranging from ‘‘strongly agree’’ to ‘‘strongly
disagree’’. In SUS, odd-numbered questions are phrased
positively, and even-numbered questions are phrased nega-
tively [40]. To calculate the SUS score, odd-numbered item
scores are calculated as the scale position minus 1, while
even-numbered item scores are calculated as 5 minus the
scale position. Each item score is then multiplied by 2.5 to
produce a score that ranges from 0 to 10 in increments of 2.5.
With 0 indicating poor usability and 10 indicating excellent
usability. Note that even-numbered questions are reversed
before averaging with odd-numbered questions, resulting in
a higher SUS score indicating better usability regardless of
question phrasing. Then, to calculate the final score, each
item’s score is then summed up to create a score ranging from
0-100.

2) DATA COLLECTION PROCEDURE
Twenty-five participants (female n=13, 52%) participated
in Study 1. Most of our participants are between the age
of 18-25 (n=13, 52%) followed by nine (36%) participants
between the age of 26-35 and the rest above the age of
35. Ten (40%) participants are still students, with seven of
them pursuing master’s degrees. While eight (32%) partic-
ipants with bachelor’s degrees and five (20%) participants
with master’s degrees. This study’s participants also come
from different fields of study/work. The highest number of
participants have an engineering background or are currently
working in engineering (n = 18, 72%). While others come
from various fields, such as English (n=2, 8%), business
and finance (n=2, 8%), education (n=1, 4%), Chinese as
a second language (n=1,4%), and human development and
family studies(n=1, 4%).

First, participants are shortly briefed about the test session
and information about the questionnaire and procedure. Par-
ticipants were then given time to read and sign the informed
consent form as well as fill out the demographic questions.

Participants are then asked to watch a 2-minute and
20-second video introducing the tool. The video introduces
the participants to the tool’s goal of removing occlusion
when viewing 3D datasets. It also demonstrated the tool’s
main menu for selecting which dataset to use and provided
a brief overview of the tool’s features, like (Local) Digging
Structure mode and (Global) Erasing Structure mode, and
various buttons of the tool. After that, the participants were
shown the tool and given time to play around with the tool.
In this stage, participants are allowed to ask the researcher to
clarify questions they might have. When they feel like they
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TABLE 1. System Usability Scale (SUS) result of our tool. After the score transformation, all higher SUS item scores will indicate better usability.

TABLE 2. Additional questions created specifically to evaluate the (Local)
Digging Structure and (Global) Erasing Structure mode from the tool.

have explored the tool enough, participants are then asked
to fill in the SUS questionnaire, our additional questions
for the ‘‘digging’’ feature. Some participants that already
agreed beforehand are asked for semi-structured interviews
to understand their answers better.

3) RESULTS
Table 1 summarized all the feedback collected from
twenty-five participants toward ten SUS statements by show-
ing the frequency of each score in each question. As the
explanation in Sec. VI-A1, the items’ score transformation
will make any higher SUS item score means higher usability.
The highest score average was on question 9 ‘‘I felt very
confident using the system’’ with an average score of 8.7
(SD=1.27) and question 7 ‘‘I would imagine that most people
would learn to use this system very quickly’’ also with an
average score of 8.7 (SD=1.79). This is followed by ques-
tion 8 ‘‘I (don’t) think the system is awkward to use’’ which
had an average score of 8.4 (SD=2.26) and question 3 ‘‘I
thought the system was easy to use’’ with an average score
of 8.3 (SD=2.36).

The reason why the majority of people feel confident using
our tool and believe that others can learn this system quickly
may be attributed to the simplicity of the tool interaction
and the comprehensibility of the progressive removal process,
which most people perceive positively. Participants’ explana-
tions in the post-interview also help corroborate these poten-
tial reasons. For example, when asked what participants think
about our tool, one of them states that ‘‘In my opinion the tool

is easier to use than I expected’’. Another user said that ‘‘the
tool is simple enough that children can probably use it’’.

Previous studies have shown that if a tool is considered
good or has high usability, it has to have a final score of more
than or equal to 68 [38], [41]. Our tool has an average SUS
score of 76.7 which is higher than 68, with only four users’
(16%) scores below 68, which shows that our tool can be
considered good or has high usability.

In addition to the System Usability Scale (SUS),
we included Likert-scale questions, ranging from 1 (strongly
disagree) to 5 (strongly agree) in order to evaluate the two
modes in our tool, (Local) Digging Structure and (Global)
Erasing Structure. The first two questions specifically aimed
to assess the ease of use of each mode individually. The third
question was created to determine which mode participants
preferred using. Lastly, the fourth question was added to
measure the extent to which participants agreed that they
understood the actions they were performing in the tool using
the modes, rather than clicking the button randomly.

Table 2 shows the results of the additional questions. Par-
ticipants found the (Global) Erasing Structure mode easier to
use than the (Local) Digging Structure mode, with scores of
4.12 (SD=1.12) and 4.04 (SD=1.17) out of 5, respectively.
Participants did not strongly prefer one mode over the other,
with a score of 3.2 out of 5 (SD=1.01) for preferring the
(Local) Digging Structure mode. Participants were confident
in their understanding of how to use both modes, with a score
of 4.12 (SD=1.09) out of 5.

B. STUDY 2: COMPARISON WITH PARAVIEW
One of our goals is to create a tool with easy-to-learn inter-
action for data exploration while developing sufficient 3D
contextual information to enhance the user’s dataset explo-
ration. A closer study is needed to evaluate the proposed tool.

For this study, participants were tasked to work on an
object-finding task we named ‘‘Find-the-Lobster’’ using both
our tool and the Paraview tool. In ‘‘Find-the-Lobster’’, partic-
ipants are shown a 3D object of a teapot. The participants are
then told that there is a lobster object inside the teapot and the
participants need to find a way to show the lobster.

When trying to complete the ‘‘Find-the-Lobster’’ task
using either our tool or Paraview, participants are encouraged
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to try to complete it by themselves. However, since most of
them have very limited knowledge of scientific visualization,
it is understandable that they might get confused about what
to do. Thus, participants are allowed to ask for hints or redi-
rection if they have strayed too far from the goal. When the
participant asked for hints, the interviewer will provide some
hints (the time taken to explain the hint won’t be counted in
the completion time) before letting the participant try again.
If the participant ended up giving up, we will then provide
them with the answers to the task.

To complete this task with our tool, the participants need
to use either the digging feature or the global erase feature
that we have. On the other hand, to complete the task with
the Paraview tool, we provide them with the transfer function
tool, one common way to visualize the internal structure of
a 3D dataset. The participants are required to tune the trans-
fer function until the lobster is visible. After they finished
the task, participants did semi-structured interviews to help
researchers further understand their criticisms and compari-
son of both tools.

1) PARAVIEW
Paraview is an open-source scientific data visualization and
volume exploration tool [34], [42]. It was first developed
in 2000 by Sandia National Laboratories and Kitware, Inc.,
and has since become popular for scientific data explo-
rations [34]. One of the key features of Paraview is the ability
to perform advanced visualization such as volume rendering.
When visualizing 3D datasets using the direct volume render-
ing technique, Paraview users can tune the transfer function
by assigning opacity and color to different data values to show
the internal structures of datasets.

2) DATA COLLECTION PROCEDURE
Seven participants (female n=5, 71%) were asked to join
this evaluation. Out of seven participants, five of them (71%)
are not in Computer Science (CS) background or working in
the computer science field. The involvement of participants
with a CS background might be beneficial in evaluating this
new tool because they may be more familiar with learning
a new tool. However, we also believe that individuals with
a non-CS background can also provide important insight,
especially since our target audience may not have a technical
background. Therefore, we think it is important to provide the
demographic of the study’s participants which are shown in
table 3.

Participants are first briefed about the survey form and
the study’s procedure. The participants then start reading
and signing the informed consent form and then answered
demographic questions. Since this study aims in comparing
the understanding of participants when using both our tool
and Paraview to complete a task, we asked them to fill in
an additional form to know their background in Scientific
Visualization and Paraview.

TABLE 3. Study 2 participants demographic.

TABLE 4. Time needed to complete the ‘‘Find-the-Lobster’’ task using our
tool versus Paraview’s transfer function feature (*were given hint one
time to complete the task; **were given hints two times to complete the
task).

After filling out the forms, participants are then first shown
our tool. The participants are then explained the basics of the
tool by letting them watch a 2-minute and 20-second video.
This video is the same as the one used in study 1 and it
discussed the goal of the tool, the menu interface, and various
features that the tool has. After watching the introduction of
our tool, they are asked to complete the ‘‘Find-the-Lobster’’
task.

After the participants completed the task using our tool,
they were shown the Paraview tool. Same to the first half of
the study, the participants are then given information about
how to use Paraview. This information is provided in the
form of a 2-minute and 24-second tutorial video which is of
similar length to our tool’s introduction video. We focused on
explaining transfer function and volume rendering since those
are the two topics that are related to the task. Participants
are urged to complete the task on their own, but they are
allowed to ask questions and ask for further explanation for
Paraview’s features related to the task. Participants can also
end the task by giving up; in that case, the researcher will
provide them with the answers.

After completing both the task using our tool and Paraview,
the participants are asked for semi-structured interviews to
compare the usage of both tools.

3) RESULTS
We analyze the results of the task completed using either our
tool or Paraview. As shown in figure 4, all participants were
able to complete the task using our tool faster than using
the Paraview. The average time to finish the task using our
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tool is 23.6 seconds, with the fastest speed of 8.4 seconds
and the slowest at 52.9 seconds. While it takes on average
1 minute and 2.6 seconds to complete the same task using
Paraview’s transfer function feature, with 20.5 seconds being
the fastest and 2 minute and 49 seconds the slowest. The
average difference in the time needed to complete the task
with our tool and Paraview is 40 seconds. Table 4 shows that
when using our tool to complete the task, only one participant
(14.3%) asked for hints. In contrast, two (28.6%) participants
asked for further explanation or hints when trying to use
Paraview’s transfer function features to do the same task.

We predict the potential reason for this is because of two
things: easier to understand without a lot of prior knowledge
and our tool’s simplicity compared to Paraview. When try-
ing to remove occlusion from a 3D object, using our tool’s
feature, users can click to remove the obstruction while using
the transfer function feature in Paraview, users need to at least
know how the buttons in the transfer function feature affect
the visualization. Six out of seven participants (85.7%) have
no prior knowledge of scientific visualization and thus they
also have no background in volume rendering and transfer
function.

When completing the task using our tool, they were able to
understand the tool enough that they knew what to do when
trying to complete the task. When asked to do the task, six
(85.7%) participants were able to do it right away and five
(71.4%) of them were able to state the answer using both
features that our tool has. While only one (14.3%) participant
asked for hints to finish the task. In completing ‘‘Find-the-
Lobster’’, five (71.4%) participants prefer to use the (Global)
Erasing Structure. User7 provides an explanation ‘‘since I
don’t know where the location of the lobster is, I need more
time with the digging mode because I have to first find the
location of the lobster so it is safer to use the other mode’’.

On the other hand, there are more participants asking for
hints when trying to complete the task using Paraview. Some
participants would count on trial-and-error and basically
brute-forcing their way to complete the task. User3 said that
‘‘Until the very end, I still don’t know how it (transfer function
feature) works. I just keep pressing buttons until something
works’’.

When comparing both tools to complete the task, all of
the participants stated that our tool is easier to use than Par-
aview’s transfer function tool. User5 said that ‘‘When trying
to complete the task using this tool (our tool), I only need
to know that pressing the layer will remove it and give me
the layer underneath it. With the Paraview tool, I need to
know what the purple-white thing (the buttons in Paraview’s
transfer function feature) means’’. Four (57.1%) of partici-
pants also explicitly stated that our tool is simple enough and
was able to easily connect the meaning when clicking and
how it affects the visualization. User2 further elaborates by
saying ‘‘In my opinion, I can understand this tool (our tool)
better. Like, I understand clicking this (the 3D object structure
in our tool) will remove the part and show the layer inside.
For Paraview, I understand that dragging this (the transfer

function button) will change the transparency of the object but
I don’t know how much it changes or why this (a part of the
teapot visualized) cannot go away when I drag the button.’’

Another thing that we suspect contributes to our tool being
considered better than Paraview by the participants is the
simplicity of our tool. User1 mentioned that ‘‘(using our tool)
you just need to click (the object) and the layer is gone, it’s
super simple. When using the other tool (Paraview) and I
sometimes do this (drag the transfer function feature button
which is located in the blue part) I expect this part (the
blue part of the object) to be gone but no the other part
is gone instead’’. Our tool’s simplicity and easiness to use
are also backed up by the result of study 1 which used the
SUS. Our tool gains an average score of 8.3 out of 10 for
question 3 (I thought the system was easy to use), and also an
average of 8.2 out of 10 for question 2 (I don’t find the system
unnecessarily complex).

Although our evaluation shows that our tool is simpler and
easier to use, we recognize that our tool could not be the best
choice if users want to conduct a rigorous data exploration.
User4, a current undergraduate student majoring in Computer
Science and has used Paraview before, stated that ‘‘It took me
faster using your tool because there are only two modes that I
need to consider. When you first told me to complete the task
using Paraview, I was considering a few options that I can
do to complete it with Paraview but since there are so many
features, it took me a while.’’. When asked which tool they
prefer to use, user4 also adds that ‘‘This (our tool) is simpler
to use. If I just want to see the different layers, I would choose
your tool. But if I want to find somethingmore detailed, I think
Paraview is still better.’’. From user4’s viewpoint, Paraview is
still a more powerful visualization tool, but our tool is highly
user-friendly, particularly for less complex tasks.

VII. DISCUSSION
This section discusses the impact of the transfer function
and the number of material structures configuration on the
non-expert data exploration.

A. MATERIAL NUMBERS
When the data providers set up the dataset, our system divides
the dataset into N material structures by the approach intro-
duced in Sec. III-A. By our approach, the data providers can
choose the parameter N . If the number of N is too small, one
click from non-expert users could remove too much portion
of the dataset that consists of multiple materials, such as
removing bone and muscle with just one click. If the N is
large, the non-expert users can explore the data with more
detail because only a thin layer is dug out after one click.
However, compared to a relatively small N configuration,
the users will spend much more time removing the same
obstructing structure. In addition, dividing a structure into
more layers could provide improper context and increase the
difficulty for users to understand the dataset. The foot dataset
shown in Fig. 12 is an example. If the data providers set a
larger number of N (Fig. 12(b)), the muscle is divided into
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FIGURE 12. The difference after the digging out action on the same
dataset if the data provider sets different number of material structures.

multiple layers. If the non-expert users intend to remove the
muscle, a portion of the muscle material will remain, and the
image cannot provide a clear boundary.

B. TRANSFER FUNCTION DESIGN
Our system shows the isovalue similarity heatmap for data
providers to select representative structures in groups. The
diagonal line of the isosurface similarity heatmap displays the
similarity value of self-isosurfaces. Typically, the diagonal
value should be 1. After determining the number of material
structures, the data provider can assign transfer functions
(opacity and color) to each material structure. A data volume
is a cube, and the region of interest of the dataset usually does
not cover the whole cube. For example, a large outer region of
the head dataset shown in Fig. 13 is an empty space, and the
non-expert users may not be interested in that region. Non-
expert users do not have to observe and dig out this region.
The data provider can recognize this region in the isovalue
similarity heatmap and set the opacity of this data value range
to 0, and make it invisible. In this manner, the empty space
that impacts the non-expert users’ observation volume data
during volume rendering can be filtered out in the beginning.

C. SOFTWARE IMPLEMENTATION
The system was implemented using C# and HLSL pro-
gramming languages in Unity3D. In order to perform
pre-computations of material structures, we developed a cus-
tom implementation using Python. For the implementation
of the convex parts, we utilized the V-HACD library [43].
In order to conduct the case and user studies, participants
were given the option to either visit our laboratory or use
the tool at home. Therefore, the software was developed
on both Windows and MacOS to accommodate a diverse
pool of participants. The software, sampled datasets, tuto-

FIGURE 13. The empty space removal in the initial volume rendering
results through the data providers’ transfer function configuration for
non-expert users to start the data exploration without the meaningless
empty space occlusion.

rial and demonstration video can be downloaded from our
Github repository (link here). The current implementation
was designed for conducting user studies and will require
adaptation to deploy to the target environment, such as a
science museum. In the future, the implementation should be
modified to support the use of high-resolution touch screens
and tablet operating systems, such as iOS.

VIII. CONCLUSION AND FUTURE WORKS
In this paper, we first analyze the shape similarity of the
material structures to enable the data provider to adjust the
material’s color and opacity. This will help the data provider
in creating a more comprehensible dataset for non-expert
users to navigate during data exploration. We then propose
progressive digging interaction modes that mimic digging
behavior to allow non-expert users to easily explore the data.
We also developed a comprehensive, interactive interface that
enables users to adjust the changes in material structure, lens
size, and shape. Our tools are then evaluated by two stud-
ies. The first study explores the tool’s and features usability
with System Usability Scale (SUS) and additional questions
focusing on the tool’s digging modes and the second study
compares our tool with another tool. We also held interviews
to gain a further understanding of the participant’s answers
in both studies. On the SUS scale, our tool has a score of
76.7 which meant that our tool can be considered good or
has high usability by the participants. From the SUS score
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results and interviews, we can also conclude that our tool
can be easily used for non-expert users which are our target
audience. In the future, we will extend our system to more
scientific data types, such as particle and vector datasets
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