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Abstract We propose an event-based analysis system for comparison of several ensemble time-varying
simulations. In this pipeline, users can customize the selection of events (i.e., the keyframes of the simulations) for each simulation on the timeline view. The associated rendered thumbnails are tiled in the
rendered thumbnail view. The ticks on the timeline and the rendered thumbnails are connected by a link.
Users are allowed to do 3D exploration on the render thumbnails and the high-resolution view on which the
details can be displayed. Switching between different variables is supported to assist users in exploring the
rendering of different ensemble variables or even combinations of variables. We apply our system into the
deep water impact ensemble dataset. The system is proved to have the ability to help users better explore the
simulations.
Keywords Science visualization  Ensemble data  Asteroid impacting

1 Introduction
Time-varying ensembles are widely studied in scientific visualization, e.g., the simulation to show the
generation of combustion or a hurricane. The size of the ensembles increases as the computing power
increases. Exploration of large-scale time-varying ensembles can help users to understand the insights
behind the scientific data. The ensembles are produced under a variety of different conditions. The
exploration of time-varying ensembles requires three different aspects of comparison:
• The simulations are generated under different conditions.
• Each simulation datum has multiple variables.
• The simulations will change over time.
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In the process of exploring multi-level simulation data, it is necessary to explore in those levels to discover
the insights of the ensembles. However, to explore the simulations interactively faces many difficulties.
• The multi-level dataset requires to get the renderings in different conditions in a high flexibility.
• The interactive exploration of the simulations requires a high rendering speed.
• The large size of the dataset is hard to handle. The online exploration of the dataset with a large scale
may require a client–server framework.
In this work, we propose a pipeline to deal with this kind of ensembles with multi-level exploration task.
The system provides the simulation-level, variable-level, and time-level exploration on the ensemble
datasets. The exploration process comes as follows. The users are allowed to choose the simulations and the
variables. The keyframes (i.e., events) are also defined by the users during the exploration. The snaps of
these events of the simulations will be shown in the event snap view. The event snap view presents the
renderings of different simulations and different events at the same time. Users can explore the event snap
view to find insights. The exploration operation like rotation and zoom on the visualization is allowed. Such
operations change the viewing parameter of the rendering. To compare the simulations, we allow the
viewing parameter to apply to all the renderings in the event snap view. The exploration of rendering is also
shown in the high-resolution view.
We build a system which can generate renderings of different timesteps from different perspectives and
provide slices visualization of volume data. It also provides interactions to help users make a systematic
comparison between data in different simulations. We finally provide an interactive system which supports
comparison among timesteps and simulations; 3D navigation is also provided. We apply our system into the
deep water impact ensemble dataset. To begin with seven simulations, this process can be conducted
according to labelled timesteps in most simulations. The events (i.e., keyframes) are extracted by the users
according to the feature of the data. For these data, there are mainly five kinds of critical events, including
asteroids airbursts, hitting the ocean, pressure wave arriving the sea level, shock wave arriving seabed, and
generation of water jet and rim waves. Mention that not all these events are detected in every simulation
since in some specific conditions some events never happen. Then, the users can explore the simulations
after choosing some transfer function and viewpoint. The event-based renderings help the users to have a
quick understanding of the data.
In this work, we present a new pipeline for exploring time-varying multivariable ensemble simulations.
The contributions of this work are as follows. We
1. introduced a pipeline for exploring the time-varying multivariable ensemble simulations by extracting
the events from the ensembles;
2. built an online rendering system which introduces a remote rendering server to generate renderings for
the client;
3. proposed the case study on the asteroid impacting simulations, in which the system was proved to be
able to support the insights finding in the simulations.
In the remainder of this paper, we review the background with related work in Sect. 2. In Sect. 3, we
discuss the design requirement of the exploration of the time-varying multivariate ensemble simulations. We
give the design consideration of our system in Sect. 4. We provide a case study based on the asteroid
impacting on the sea level in Sect. 6 to demonstrate the effectiveness of our method, followed by the
discussions in Sect. 7 about the method comparison and limitations. In Sect. 8, we present the conclusions
of our paper.
2 Related work
Our work belongs to the category of ensemble visualization. More specifically, we propose a pipeline for
exploring large-scale multivariable time-varying simulations. Therefore, our work is also related to the field
of visualizing time-varying data. Below, we will briefly review the related works in these two areas.
2.1 Time-varying data visualization
Time-varying data describe the evolution of things over time. Each labelled timestep is the status of the
observed things at a specific moment, and there is a strong correlation between adjacent timesteps. As time-
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varying data usually contain many timesteps, there are needs to visualize them. There are challenges in
visualizing time-varying data. The data may contain numerous timesteps which cannot be shown simultaneously, and there are requirements for users to compare between different timesteps.
Recently, there are mainly two ways to visualize and explore time-varying data (Chen et al. 2017). One
of that is to show the coherent process. Kumar and Garland (2006) analyze trends from time-varying graphs
by temporally coherent animation. Süßmuth et al. (2008) computed the coherent meshes from a series of
point clouds. Li et al. (2010) generated animation automatically for time-varying data visualization using a
storytelling approach. Tao et al. (2019) allow users to select paths by setting waypoints on a matrix view to
explore the evolution of isosurfaces.
The other way is to display multiple snapshots at the same time. Inamura et al. (2003) compressed and
decompressed keyframes for time-series data by using continuous hidden Markov model (CHMM). As for
keyframes selecting, Abd-Almageed (2008) used rank tracing method to extract keyframes for sports videos.
Lu and Shen (2008) selected representative datasets from time-varying data and integrated it into a storyboard. Zhou and Chiang (2018) also proposed an information theory-based method to select key timesteps
from large-scale time-varying volume.
In our work, we use the second way to visualize the time-varying simulations. Users can compare
arbitrary timesteps within all simulations after selecting on timelines.
2.2 Ensemble visualization
With the continuous improvement in computing performance, ensemble simulation has been widely used in
various kinds of scientific fields, such as mathematics, physics, and meteorology. Ensemble simulation data
are a collection of datasets with a close relationship. Each dataset in the collection is called a member.
Different members are simulation results of using different combinations of parameters as input. With
visualizing the ensemble data, domain experts can get a deep understanding of the simulation. Experts can
also compare between different simulations and get a superior parameter input (Kehrer and Hauser 2013).
In recent years, there are many researches on ensemble visualization (Obermaier and Joy 2014; Wang
et al. 2019; Shu et al. 2018). According to Obermaier and Joy (2014), the existing works can be divided into
two categories, location based and feature based.
Location-based methods are used to calculate and visualize the properties in the spatial domain. A
typical method is to visualize the statistical values in ensembles (Luo et al. 2003; Potter et al. 2010).
Statistical values include mean value, variance, and so on. However, these statistical values integrate a large
amount of information, and thus the details in the data will be lost. Improved methods deploy histograms or
probability density function (PDF) to visualize the more detailed distribution of the data (Bordoloi et al.
2004; Thompson et al. 2011; Potter et al. 2012; Demir et al. 2014). Ma and Entezari (2019) deployed
simplified spaghetti plot to show the interested isocontours, and a node–link graph is generated to indicate
the relationship between the isocontours.
Feature-based methods firstly extract features in the original ensemble members, and then the features of
different members are compared. Isocontours and isosurfaces are the major concern in scalar ensemble
visualization, and there are lots of works based on that (Athawale et al. 2016; Athawale and Entezari 2013;
Pöthkow et al. 2011; Pöthkow and Hege 2011; Pfaffelmoser et al. 2011). Ensemble-Vis (Potter et al. 2009)
encoded mean and standard deviation simultaneously on the view, and provided a system for statistical
visualization of ensemble data. Noodles (Sanyal et al. 2010) used spaghetti plots and circular glyphs to
visualize the uncertainty of weather forecast. Other methods, like structural variation (Pfaffelmoser and
Westermann 2013) and contour boxplots (Whitaker et al. 2013), have also been on trial. There are also
works considering the two methods together. Shu et al. (2016) visualized high variation regions using
storyline metaphor to show the evolution of uncertainty. For vector field, Liu et al. (2017) designed a
interactive framework to extract user-defined features from different locations and simulations.
The works mentioned above indicate the urgent need for ensemble data visualization, and there are still
many aspects worth studying. Our work points at comparing different simulations in ensemble data.
Therefore, we classify our work as the second category.
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3 Design requirements
In the exploration of the time-varying ensemble data, there are three levels of exploration. They are
simulation level, variate level, and time level. The simulations are generated under different conditions.
Simulation-level exploration is used to compare the result of different conditions. Inside each simulation,
there are different variables in the same volume. For example, in the combustion simulation, there are
variables like pressure, temperature, vector, etc. Users would like to explore on a single variable or the
combination of several variables together. The time-level exploration supports to observe the changes in the
simulation along the time. The keyframe defined by users is called events of the simulation. The events
present the simulation with only little renderings.
3.1 Simulation-aspect exploration
In the field of scientific visualization, users need to compare the simulations under different conditions to
discover insights. In the simulation-level exploration, the difference in visualizations caused by different
conditions is what needs to be discovered.
Inside the simulation level, there may be several condition dimensions. Users would like to compare
under different dimensions. The requirements in the simulation level are that users are allowed to choose the
simulations to support further exploration. For example, the combustion simulations are generated under
different oxygen and temperature conditions. The combustion simulations of different conditions are in the
level of simulation.
3.2 Time-aspect exploration
A time-varying simulation changes along the time. The simulation shows the changes in the time series.
There are many frames in a simulation. Each frame is a volume data. The time-varying exploration needs to
support the exploration of time. The system should allow users to explore all frames of all simulations.
3.2.1 Event-based exploration
In the time-aspect exploration, there are many frames in the time dimension. The animation is a way to
present many frames along the timeline. However, animation cost memory burdens human (Rufiange and
McGuffin 2013). Exploring the results by seeing all frames is time-consuming because of the need to load
and render all the frames. A large number of frames make it hard to show in the display, which supports the
exploration of the simulations at the same time. For time-series exploration, to show some keyframes is a
good method to reduce the cost of memory. Because of temporal locality in the time-varying data, the users
can choose a small number of frames to present the whole simulation.
Those keyframes are called events, which can present the whole simulation with little information to the
greatest extent.
3.3 Variable-aspect exploration
The simulations have many variables. Different variables have different meaning and feature. Users would
like to explore a variable at first to understand the visualization and may want to see the combination of the
simulations at the same time.
3.3.1 Multivariable rendering
For the single variable visualization, the rendering can be generated with a transfer function. For the
multivariable visualization, the rendering is generated using the combination of different variables. Formally, the rendering process can be presented as follows: Suppose that the volume data in a frame are
represented by D, and x, y, and z are the indices of the data D. Dðx; y; zÞ ¼ fq1 ; q2 ; . . .qn g, in which ðx; y; zÞ
is the index of data D, and qi is the value of the ith variable. The color of a voxel in the position ðx; y; zÞ is
defined by the chosen variables and the defined transfer function. For each variable qi , there is a transfer
function fi to define the color and opacity value of each value and position.
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ðCi ; Oi Þ ¼ fi ðD; ðx; y; zÞÞ
Ci is the color value, e.g., RGB. Oi is the opacity value. Here, we only consider the 1D transfer function,
which translates the density value to the color–opacity value. The 1D transfer function can be presented as:
ðCi ; Oi Þ ¼ fi ðqi Þ
The combined color and opacity value should be:
C¼
O¼

n
X
i¼0
n
X

Ci Oi wi
Oi w i

i¼0

P
where ni¼0 wi ¼ 1. wi is the weight of each channel, the sum of the opacity is set to 1 to avoid that the sum
opacity of the volume is larger than one. With the color–opacity pairs defined for each voxel, the rendering
of the process goes as the traditional pipeline.
4 System
Our visualization system is an interactive online system containing four linked views as shown in Fig. 1.
There are mainly four views of the system. As shown in Fig. 2, the data and variables selection panel view
is the control view where user can define which simulations to choose and which variable the user would
like to see. The event summary view is the view that shows the data in the time dimension. The ticks in the
event summary view show the distribution of the frames of a simulation. With these ticks, users can choose
which tick is important and show in the event snap view. The high-resolution view shows the detail of the
selected rendering in the event snap view to support the detailed exploration. The back-end server renders
the results when receiving the parameters of the rendering.

Fig. 1 Interface of our system consists of three parts: a high-resolution rendering view, b data and variables selection panel
view, c event snap view, and d event summary view. These views are linked together to support the multi-level exploration
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Fig. 2 Pipeline of the whole system. The system has two parts, the front-end interface and the back-end server. In the front
end, there are four views to support g users’ interaction. The back-end server plays a role to generate the renderings

In the following, we will discuss in detail the components and basic functions of each view.
4.1 Data and variables selection panel view
Data and variables selection panel view is applied to receive users’ input of choosing data with different
simulations, resolutions, and deciding rendering channels.
4.1.1 Simulation choosing
The simulation choosing allows users to present what simulations they want to explore. The simulations are
mapped to a button of exquisite and intuitive glyph in the map. The user can click on the button to choose
the simulation. If the simulations have some inner relationship, they can be encoded by the arrangement of
the buttons. For example, there are several conditions in the simulation. The column and the row can encode
a dimension respectively.
4.1.2 Variable choosing
After the simulations are chosen, the users need to choose the variables to present what they want. There can
be 2n possibilities when there are n variable channels. For each channel, there is a button encoding the
channel. Users can click on each button to present his need. Then, the channels were chosen; we provide
some predefined transfer function to render the chosen channels together. Therefore, users can get multichannel rendering results when selecting more than one channel of a simulation at the same time.
4.2 Event summary view
The event summary view is in the right bottom of the interface. The summary view consists of several
simulation timelines, each of which is a simulation. There are many ticks in each simulation timeline. Each
tick represents a time frame of the simulation. The ticks are distributed in the timeline according to the time
of the current frame. These ticks are not evenly distributed in the timeline because of the property of the
dataset. The dataset is simulated with a higher rate when the feature of the volume changes faster. The time
of the frame is aligned with the time axis in the top of the event summary view.
The events are defined by users in the legend. Users can assign different types of events with different
colors and event name. Each event is located in a frame of the simulation. The simulations with different
conditions may share some common events. Some simulations may not have all the possible events. With
the user-defined time events, the users are allowed to compare the difference in different simulations.
Different color encodes different types of user-defined events and can be referred in the below color legend.
Legend of certain kinds of events can be hidden or visible according to user preference by clicking the
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glyph. Each timeline will show detailed information such as factors of simulation when mouse hovering.
The new event is added as the pipeline. Users can click on the timeline; the closest tick would be chosen
according to the users’ choice. The snap of the rendering of this simulation is then shown in the snap view.
We would discuss the snap view later. Such events can be removed if the users think it is not important. The
events are dismissed when clicking on the glyph according to timestep.
4.3 Event snap view
The event snap view shows the volume rendering images of selected simulations, channels (also the transfer
function at the same time), and the frames. For each rendering in the snap view, the simulations and the
channels are defined by the data and variables selection panel view, while the frames are decided by the
summary event view.
4.3.1 Real-time exploration rendering
The real-time rendering is supported in our system. The rendering is supported by a remote server. Drag and
zoom interaction of the user takes as the user explores the data. Users can drag or zoom on the system to
present their requirement. For example, when user zooms in, the distance from the user to the center of the
volume is getting closed; when user drags the image to a certain direction, the viewpoint is rotated by a
certain degree in that direction. The system will translate the interactions into the parameter of the required
rendering. A network request is sent to the remote rendering server to get the rendering result. The rendering
result is sent back to the front-end server and will be shown in the system. In our test, our machine can
render more than ten frames per second, which means users can do real-time 3D navigation to explore the
data.
Multiple simulation datasets and rendering images observation are supported. Each rendering image
presented is linked by a curve to a timeline labelled with multiple scales to emphasize according to the
relationship between the timeline of renderings, which also helps to find out the changes in simulation over
time.
4.3.2 Snap view in the big display wall
We also apply our system to a large display wall. The large display wall can present more information. In
the event snap view, the details of each rendering can be easy to show. The event snap view would be useful
when applying the system into a big display wall. The selected simulations and channels with many time
frames are tiled together. With the help of the high-resolution display wall, the details are easy to discover.
4.4 High-quality-resolution view
The detailed rendering view is an emphasis of rendering view. When the number of selected simulation
grows, the size of the rendering image has to decrease due to limited space, which may lead to detailed vital
information being dismissed. When the user wants to refer to detailed information while doing a comparison
among several datasets, the presence of this view avoids unnecessary trade-off. User can click the image of
interest to show a high-quality rendering in this view. Critical interaction operations are also supported.
An additional high-quality volume rendering window presents the better rendering results with higher
resolution. The design of this system follows the details-on-demand rule (Shneiderman 1996). User can
choose the interesting rendering in the snap view. A higher-resolution version of the rendering is presented
in this view. The exploration of the high-resolution rendering is also supported, and it is synchronized with
the rendering of interests.
4.4.1 Synchronized comparison
To compare the renderings with the same viewing parameter and channels, we provide the button of ‘apply
to all.’ When clicking this button, the parameter of the rendering will be applied to all the renderings in the
snap view.
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4.5 Back-end processing framework
Our back-end data processing framework is presented below. We apply ParaView to realize the online
rendering pipeline. Each time when there is a need for a rendering image, the client sends out a URL
request, which is monitored by a Python script. When the script catches a request, it first tries to fetch
according to the image in the local file system. If the image is not cached, it will be rendered online and
saved into the file system. Then, the front-end will get the returned image and show the result.
4.6 Interactive exploration
The views we mentioned above is allowed for interactive exploration. When the data are loaded to the
system, users can first see the simulations in the data and variables selection panel view. Then, he can
choose some of the simulations of interest and assigned the variables to the simulations. The summary event
view will highlight the chosen simulations at the same time. Users can then choose and define the event
frames in the summary event view to see the snap rendering in the event snap view. The exploration of the
event snap is allowed and can also show in the high-resolution view.
5 Implementation
The system is a client–server framework. The client part is a Web-based program. The browser-based
interface is developed in HTML, CSS, JavaScript, and D3.js library. The Web-based setting supports the
general ability, which can be run in most of the browsers. The client can be run in most of the browsers. We
sometimes run the client on the large display wall. The display is driven by 4 NVIDIA M6000 GPU with
12 GB of memory and 2 Intel(R) Xeon(R) CPU E5-2640 v4 clocked at 2.40 GHz with a memory of 1 TB.
The back-end server is a program with the Python API of the ParaView, a software which is easy to
combine with the other Python libraries to support the server. The remote server is a machine with 16 GB of
memory and one NVIDIA 1080 Ti GPU to support the rendering.
6 Case study
We run the system on the real-world simulations to demonstrate the usability of the exploration pipeline.
6.1 Deep water impact ensemble dataset
The ensemble dataset is provided to study the effect of asteroid impacts on the ocean. The total size of this
dataset is 480.2 GB. The dataset includes seven simulations covering cases in conditions with different
factors such as the size of asteroids, whether airburst happens, and angle of entry.
There are 2148 frames representing the properties of a specific spatial region in all timesteps collected.
Each frame is a 300  300  300 multivariable volume in .vti format which has at least four channels: tev
(temperature), prs (pressure), v02 (water fraction), and v03 (asteroid fraction).
The effects that the asteroid impact results can be divided into two parts, including near- and far-field
effects. The near-field effects of the impact mostly include the change in temperature and pressure field as
well as a large amount of produced smoke and water vapor. The far-field effects of the impact mostly
include the big waves and potential AGT.
First, we align timesteps between different simulations. This process can be conducted according to
labelled timesteps in most of the simulations. We want to extract the main events happen in simulations
because it helps a lot of users to understand the whole process in a short time. Five kinds of critical events
are detected in total, including asteroids airbursts, hitting the ocean, pressure wave arriving at the sea level,
shock wave arriving at seabed, and generation of water jet and rim waves. Mention that not all these events
are detected in every simulation since in some specific conditions some events never happen. We then
extract these critical frames. Some critical events may cover multiple timesteps, and we select the most
representative one as our choice, such as the frame where the event just starts. Then, we elegantly choose
our transfer function and viewpoint, and we get some high-quality renderings.
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t: 15079
t: 45359
Asteroid Fraction

Water Fraction

Temperature

Pressure (slice)

Combination

Fig. 3 Channels can show certain features of the simulation. With carefully designed transfer function, the asteroid fraction,
water fraction, temperature, and pressure show different features of the simulation

6.2 Variable-aspect exploration
We observe the channels of temperature, pressure, water fraction, and asteroid fraction to find out how the
factors show the changes in the whole process. As Fig. 3 shows, we carefully designed transfer functions to
show the features of a channel or joint channels. The temperature of the asteroid gets high when it has
friction with the air. The sharp increase in temperature in the air and pressure waves accelerates this process
greatly. Water vapor above the sea level is produced by the direct impact, so the water fraction channel can
show the impact strength after the asteroid hitting the sea level. A large amount of water vapor can finally
escape into the stratosphere and cause some severe atmosphere problem, as shown in Fig. 4. Under and on
the sea level, the pressure shows the water wave as presented in Fig. 5. The asteroid fraction channel shows
the asteroid directly.

Timestep 08948

Timestep 15159

Timestep 26248

Timestep 07982

Timestep 08915

Timestep 15079

Timestep 05789

Timestep 09113

Timestep 13768

Timestep 26399

Timestep 26446

Timestep 36170

Timestep 36132

Timestep 36053

Fig. 4 Airburst differences in the four channels. Images in the first line are the condition with no airburst. Images in the second
line are the condition with airburst happening 5 km above sea level, while images in the third line are the condition with
airburst happening 10 km above sea level
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Fig. 5 Images of different incident angles rendering with pressure channel. a, c With angle of 45 . b, d with the angle of 60 .
a, b The comparison when pressure wave arrives sea level, while (c) and (d) are the comparison when water jet and rim waves
are generated

6.3 Time-aspect exploration
Users can click on the ticks of the timeline to explore the changes in simulations along the time. In the
process of the asteroid falling in the sky, the temperature around the trajectory gets higher. The atmospheric
combustion of asteroid forms an obvious shape of tail trajectory. The high temperature passes around along
with the trajectory. A pressure wave is also generated along with the trajectory. In conditions where airburst
happens, a stronger shock wave is generated and hits the sea level. Airburst also intensifies the production of
smoke. The smoke is mainly generated from the burnt ash of the asteroid. The asteroid of some simulation
makes a direct impact on the sea level in cases of 250-diameter-large asteroids. When the impact occurs, the
temperature in impacting area above sea level gets a sharp increase, and this field effect gradually spreads
into areas in the neighborhood. The pressure field changes sharply in impact areas. One component of shock
waves is emitted into the air and gradually gets faded. The others pass through the water and finally hit the
seabed. Some reflected waves are also produced and fade away over time.
6.4 Simulation-aspect exploration
The seven simulations are generated with differences in diameter, distance, and angle. These parameters
may affect the generation of a tsunami. We discuss the influence of each parameter by comparing the
difference of corresponding simulations.
From the diameter aspect, we can see that the asteroids with a diameter of 100 m have not a solid direct
impact onto the sea level. Both of them have almost no water jet above the sea level in the pressure channel,
While the diameter of the asteroid is 250 m, water jet and rim waves can be observed obviously, which are
potential waves of tsunami as shown in Fig. 6. Bigger asteroid and incident angle result in more generation
of smoke and water vapor.
From the airburst aspect, we can observe from Fig. 4 that the height of waves is lower than that when no
airburst happens when referring the keyframe in pressure channel where the water jet is generated. Other
cases can also be easily figured out using our system: When airburst happens, the asteroid breaks into parts
and some big parts fall into the sea and cause a direct impact.
The angle of impact also matters. Greater incident angle results in more fierce impact, deeper crater, and
higher waves, as shown in Fig. 5. The reason is that waves can pass outward further. As to near-field effect,
stronger pressure shock waves are generated.
Generally, the diameter is the most important factor, and the airburst may reduce the probability of
generating tsunami while bigger angle can increase that. The height of the airburst still counts. The range of
affecting area will be quite small if airburst happens very close to sea level. But there is always not an
obvious pattern in temperature changing below the sea level.
7 Discussion
We test the performance of the system in different situations and different numbers of channels requested.
The average time of sending cached images, generating and sending rendering results of a volume data in
and out of the memory are recorded in Table 1. The resolution of the generated images is 1440  960. As
the rendering results of all preset keyframes in the default viewpoint have been pre-rendered and cached,
users can get an overview of the simulation they select immediately. Users can also zoom or rotate a specific
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timestep: 11678

timestep: 14173

timestep: 25124

timestep: 32392

timestep: 08948

timestep: 15159

timestep: 25004

timestep: 36170

Fig. 6 Diameter differences; images in the first line are with a diameter of 100 m while those in the second line 250 m. These
images are with water and asteroid fraction channel
Table 1 Time consumption of sending cached images (t-cached), volume rendering (t-render), and loading volume data from
disk (t-load)
n-channel
1
2
3
4

t-cached (ms)
0.38
0.40
0.34
0.37

t-render (s)
0.12
0.31
0.55
0.79

t-load (s)
5.35
10.60
16.29
24.17

The hardware configuration is shown in Sect. 5

timestep of a simulation smoothly when the number of channels to be rendered is small. It takes around
5–6 s to load one channel of one volume data, which is also acceptable when there is a need for users to
explore uncached timesteps.
In this work, the rendering images are allowed to be rendered with different transfer functions. Multichannels can be alternatively switched or integrated. The pipeline supports the comparison and real-time
exploration on several renderings at the same time for multi-level simulations. This work can be further
extended in the following aspects:
• The events of the dataset are defined by the user manually. It is not easy to extract common events
among several simulations automatically. In the future, we will consider using an automatic method to
extract the keyframe. The number of the events can also be controlled at the extraction process.
• We did not allow to change the transfer function in the front-end. To support the rendering with higher
flexibility, we would extend the system to be allowed changing in the transfer function.
• The rendering of the simulations is not linked together to generate a video. Our system can be easily
extended to support exporting the video of the visualization. Further, the user could add the annotation or
caption to the selected timestep or periods. When adding the annotations of the events, the video would
be a good storytelling of the simulations.
• The memory control algorithm could be further improved to reach the goal of showing a small video
around the event.
• Currently, we only consider the system for a single user. The extended function of collaboration in the
system can be added. Users can choose the events and add annotations together to get some insights.

8 Conclusion
In this work, we proposed a time-varying ensemble simulations comparison pipeline. The multivariable
simulations are supported to be explored under different levels. We proposed a client–server framework
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which visualizes the online renderings supported by a back-end rendering server. The system supports the
multi-level time-varying data exploration, which fits the need for exploring the complex simulations.
Multiple interactive techniques are integrated into the system to enhance its ability to guide people to find
out insights into the data. Based on the exploration of the asteroid impacting data, we demonstrate the
effectiveness of the pipeline that we propose. The system can also help the domain experts to get a better
understanding of the data.
Funding This work is supported by National Numerical Windtunnel Project NNW2018-ZT6B12 and the National Program on
Key Basic Research Project (973 Program) No. 2015CB352503.
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