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Abstract—We present a visualization tool for the real-time analysis of interactively steered ensemble-simulation runs, and apply it to flooding
simulations. Simulations are performed on-the-fly, generating large quantities of data. The user wants to make sense of the data as it is created.
The tool facilitates understanding of what happens in all scenarios, where important events occur and how simulation runs are related.

We combine different approaches to achieve this goal. To maintain an overview, data is aggregated and embedded into the simulation rendering,
showing trends, outliers, and robustness. For a detailed view, we use information-visualization views and interactive visual analysis techniques.
A selection mechanism connects the two approaches. Points of interest are selected by clicking on aggregates, supplying data for visual
analysis. This allows the user to maintain an overview of the ensemble and perform analysis even as new data is supplied through simulation
steering. Unexpected or unwanted developments are detected easily, and the user can focus the exploration on them.

The solution was evaluated with two case studies focusing on placing and testing flood defense measures. Both were evaluated by a consortium
of flood simulation and defense experts, who found the system to be both intuitive and relevant.

Index Terms—data aggregation, problem solving environment, interactive visual analysis, decision making, uncertainty visualization, simulation
steering.

*

INTRODUCTION

When uncertainty is present in simulations, ensemble sim-
ulations are often used to examine what might happen
depending on unknown parameter values [1] [2]. In flood
simulations, the uncertainty might come from unknown
initial parameters, e.g., where a dam will break, or from the
parameters under the user’s control, e.g., the way protection
barriers are placed. Sampling the expected parameter space
yields multiple simulation runs, each of which represents
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Fig. 1. (a) The analysis of a single simulation can be a
challenging task, as the user must identify where and when
key events happen. (b) In ensemble simulations, finding the
interesting events and relating them to the parameters that
caused them is even more difficult.

one sequence of events. Understanding such an ensemble
dataset is vital to finding robust solutions that work regard-
less of the uncertainty involved.

As Figure 1 illustrates, what makes understanding dif-
ficult is the sheer quantity of data present. While under-
standing a single simulation run presents its own set of
challenges (Figure 1a), an ensemble simulation only multi-
plies these (Figure 1b). A promising approach to reduce the
quantity of data is interactive steering. Interactive steering
allows the user to select the next set of parameters to be
simulated based on conclusions drawn from already present
data, incrementally exploring the parameter space. Two
examples of interactive steering are World Lines [3] and
ComVis [4].

Visdom [5] uses the World Lines metaphor to control
and integrate simulation and visualization. The parameter
space is shown as a two-dimensional tree of grey-colored
lines called tracks, each of which represents a simulation
run with a different set of simulation parameters (see
Figure 1). The horizontal dimension of the tree corresponds
to the time that has passed, while the tracks are distributed
vertically. The tree begins with one root track, which
represents the initial parameters of the simulation. All other
tracks are created when a change in simulation parameters
is introduced to an existing simulation state. The change
spawns a new simulation run with different parameters
which continues from the previous state.

The simulation states are shown as frames - rectangles
that are the building blocks of tracks. By selecting a frame,
the simulation data is forwarded to views, which render
and display a representation of the simulation state. While
this mechanism serves well for examining individual states,
World Lines offers only limited support for analyzing the
relationships of states. The visualization mode allows the
coloring of frames according to some measure extracted
from matching simulation states, but a very limited amount
of information can be shown in this way. More advanced
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Fig. 2. The proposed solution for performing an analysis of an ensemble flooding simulation. a) The aggregations help the
user understand what is happening in several selected simulation states (shown as dark grey) at once. b) When details are
needed, selections (blue icon in the image) provide data to the information-visualization views. By brushing values of interest,
the states associated with these values are highlighted, becoming green. c) The views allow the user to see the effects of
any changes introduced. The user can continue filtering and introducing changes as necessary.

displays catering to ensemble simulations have been pre-
sented in Nodes on Ropes [1], but they are geared towards
monitoring a simulation rather than analyzing it.

On the other hand, ComVis has impressive analysis
capabilities provided by its information-visualization views.
Linking and brushing are used to discover correlations
between output and input variables. Once an interesting
subset of parameters has been identified, it can be sampled
in higher resolution. The necessary simulation runs are
performed offline, and loaded into the system alongside
existing data at a later time. The many available views
allow for a better understanding of the effects of different
parameters. However, the tool lacks flexibility when com-
pared to World Lines. The parameter space allows only for
isolated numeric parameters and results, discarding spatial
and connectivity information. More importantly, parameter
changes cannot be introduced during a run, complicating
the interactive steering of simulation scenarios.

Both of these tools have their advantages and disad-
vantages. Visdom provides a more intuitive exploration
of a greater variety of parameter spaces, while ComVis
allows the user to perform an in-depth analysis of the
parameter space. The goal of this paper is to unite the
two approaches, allowing interactive visual analysis to be
performed on ensemble data in real-time. Our solution is
shown in Figure 2. We follow Schneiderman’s mantra of
visual exploration: overview first, zoom and filter, then
details on demand [6]. The steering is done using World
Lines. To show an overview, multiple simulation states
are combined to create aggregate renderings (Figure 2a).
An aggregate rendering is a single-state rendering that is
enriched with information aggregated from multiple states.
The information is represented visually, allowing the user to

understand trends more easily. One example of an aggregate
rendering is coloring the fluid according to the standard
deviation of the velocity in all simulation states.

Once an aggregate is in place (Figure 2b), the user can
examine it to find areas of interest, such as areas with es-
pecially high deviation. We provide a selection mechanism
for the user to designate these areas. Detailed information
about the selected areas can be shown in information-
visualization views. Through linking and brushing the user
can investigate the relationships of values, and identify the
parameters that produced them. For example, it is possible
to find out which parameters result in a high velocity by
brushing a histogram, and seeing the related states brushed
in World Lines.

As the user learns from the results of the exploration,
other approaches and solutions emerge. They can be ex-
plored immediately thanks to the steering capabilities of the
system (Figure 2c¢). To aid the user in understanding what
has changed, the views update instantly. The information-
visualization views show how the points of interest have
been affected by the change. Side effects in the form
of unexpected developments can still be spotted using
aggregate renderings.

To demonstrate our approach, we first use a synthetic
case-study scenario in which a city is threatened by a levee
breach. This case study is modelled after an actual flooding
event and the authorities’ response. Its simplicity serves to
illustrate the principles of our solution well. Uncertainty
is present with respect to the initial breach location, and
the defenses that can be deployed. Our approach is used
first to understand the uncertainty present in the simulation
scenario, and then to examine the effects of possible user
actions. By using the filtering mechanisms, we find a solu-



tion that is robust enough for all possible breach locations.

The synthetic case study serves as a useful introduction
to the properties of our solution, which is why it was
presented to a group of experts in the field of hydrology for
an evaluation. They provided comments which allowed us
to improve the system, but they also supplied us with the
data and models necessary to construct a second case study.
In this flood-protection related study, which we will refer
to as the real-world case study, a town is protected from
floods by mobile walls. The uncertainty again lies with the
location where these defenses fail. However, the goal is not
to design defenses, but to find out which areas should be
evacuated and cleared to prevent most of the damage. This
case study was presented to an extended group of potential
users, whose comments we describe in some detail.

In summary, the scientific contributions of this paper are:

o Aggregate renderings which allow information from
multiple states to be shown in one rendering

o The selection mechanisms necessary to bridge ag-
gregation and analysis, and matching information-
visualization views

o An integrated steering enviroment supporting a dy-
namic drill-down process throughout which new data
can be generated using improved parameters

o An evaluation of the methods by a group of experts
and potential users.

2 RELATED WORK

As the development of hardware has made the execution of
ensemble simulations feasible, the visualization community
has produced various accompanying solutions. However,
none of them appear to be geared towards interactive
steering. In this section, we explore the qualities of similar
solutions and the works that inspired our approach.

The visualization of multi-field scientific data is an exten-
sive field of research. As an ensemble might be thought of
as a collection of fields, there exists a similarity between
the two problems. For a general overview we refer to a
recent state-of-the-art report [7].

One of the traditional approaches to visualize time series
involves locating and showing interesting and representative
timesteps. Bruckner and Moller [8] extend this approach
to ensembles. Simulated states are clustered according to
a similarity measure. The ensemble is represented as a
directed graph of keyframes. In the context of interactive
steering, the disadvantage of the approach is that the
structure derived from user choices cannot be preserved
when ordering states according to similarity.

Interactive visual analysis is a common and success-
ful way of approaching simulation problems. Doleisch et
al. [9], [10] suggest linking and brushing in information-
visualization views to analyze computational fluid dynam-
ics (CFD) simulation data. To aid the user in understand-
ing the data, multiple coordinated information visualiza-
tions [11] are linked to the three-dimensional rendering.
This displays the spatial arrangement of the data in the
simulation. Data derivations and brushing are used in linked

windows to allow the user to filter data elements flexibly.
The previously mentioned ComVis [4] applies these tech-
niques to ensembles.

The general concept of using aggregates to summarize
data is not new. Database systems and data mining sys-
tems [12] support aggregation of information stored in ta-
bles. The Aggregate Manipulator [13] performs aggregation
by grouping data elements in a database on their attributes.
In this sense aggregation by grouping is directly supported
by the SQL query language. The Data Cube (also OLAP
Cube) [14] describes multi-dimensional data as a multi-
dimensional cube, where data can be selected by choosing
one or multiple axes of the cube. It is then possible to use
SQL aggregate functions [15] on the selected dimensions
of the cube. Stolte et al. [16] apply this approach for high-
dimensional data visualization.

Other types of data reduction have been used to create
novel visualizations. Malik et al. [17] compare CT scans
made at different resolutions by interleaving the results
within the same image. Woodring and Shen [18] visual-
ize a volume time-series by applying a transfer function
independently to all timesteps and using projection along
the time dimension to produce a single color volume or
chronovolume. Balabanian et al. [19] refine the approach
by allowing different styles and composition methods to
be chosen. Woodring et al. [20] employ user-specified
expressions to combine values from different fields.

Akiba et al. [21] aggregate histogram information over
time and highlight minimum and maximum values. Meyer
et al. [22] use grouping and aggregation for gene expression
data. Correspondence is defined by a nearest neighbor
criterion and the aggregation uses a minimum operator.

Potter et al. [2] discuss the visualization of ensemble
data and suggest spatial aggregation using mean, standard
deviation, minima and maxima for each position over the
whole ensemble in multiple views. This work is perhaps the
biggest inspiration for this paper, as both spatial selection
and additional charts are present in conjunction with ag-
gregation. However, the paper deals with two-dimensional
fields and histograms only.

The discussion of related work shows that while many
components used in this paper have been presented before,
there have been no attempts to integrate them into a
greater whole. In this paper we suggest a generalization
of aggregation mechanisms so that they can be used with
selection and filtering mechanisms.

3 AGGREGATE RENDERINGS

As the previous section has shown, aggregation is com-
monly used to reduce or simplify the data. However, it is
used in either information-visualization views, or dedicated
visualizations. In a simulation such as the flooding scenario,
there are multiple objects and elements of interest given,
represented by different data structures. While it would
be possible to use some of the previously mentioned
techniques to create linked views with separate aggrega-
tions, it would be hard to imagine such a complex layout
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Fig. 3. The various types of aggregation: a) Object aggregation (buildings) b) Field aggregation (fluid) c) Instance aggregation
(bags). The types of aggregation are shown progressing through the four phases of an aggregated rendering: 1) Extraction
2) Grouping 3) Aggregation 4) Embedding. The spectrum of colors from green to red indicates increasing values.

functioning as an intuitive overview. Instead, we visualize
aggregations within the existing three-dimensional view.

There are many different aspects of the simulation which
are interesting to aggregate. These include raw data such
as the simulated fluid attributes, derived measures such as
the risk to buildings, and visualizations themselves, such as
glyphs. Despite their diverse nature, aggregate renderings
representing these aspects can be created using a unified
approach. The approach can be divided into four phases
(columns of Figure 3):

1) Extraction, where the simulation data of each state is

processed to create the data to be aggregated.

2) Grouping, where groups of corresponding values

from different states are formed

3) Aggregation, where the values within groups are

combined, using an aggregation operator.

4) Embedding, where the per-group values are translated

into renderable objects or object properties.

The creation of an aggregated rendering begins with
the extraction phase (Figure 3.1). Its goal is to produce
a description of the simulation state with respect to what is
aggregated. The description contains a data domain (e.g.,
grid, particles) and corresponding values. The values may
be provided by the simulation, such as velocity or position.
Alternatively, they may be derived from the provided values
to describe a property of the scenario, such as risk of
flooding, building damage or barrier stability.

After the descriptions are produced, the grouping phase
determines how they should be combined. It describes
which elements from different states can be considered
similar enough to be merged into groups of related values.
In Figure 3.2, these groups are shown using dashed lines.

The similarity can be based on position (values at the
same location), identity (belonging to the same object),
or any other criterion. As this also defines which input
elements are taken into consideration and how many values
are produced, the extraction and embedding phases depend
on the chosen type of grouping.

On the other hand, the aggregation phase (Figure 3.3)
is performed in the same way regardless of what is
aggregated. The aggregation operator is a function that,
when given multiple values as input, returns a single value
describing a statistical property of its input. The minimum,
maximum, standard deviation, mean or count are all valid
aggregation operators. As the operators are not exclusive to
any particular aggregate rendering, the user can change the
operator at will. This causes new values to be produced,
presenting a different overview of the data.

To show the results of the aggregation to the user, in
the embedding phase (Figure 3.4) an aggregate rendering
is created. As we do not aggregate entire simulation states,
but only certain aspects of them, we cannot create a ren-
dering based only on the aggregated data. A user-selected
simulation state is used to provide a context, supplying all
of the simulation data that is not aggregated. The final
aggregate rendering is created as a combination of the
state rendering and the aggregate representations. This also
allows aggregate renderings to work as comparative visu-
alizations. If an interesting aspect of the simulation can be
represented in two ways, the non-aggregated representation
can be contrasted against the aggregated one.
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Fig. 4. Building aggregation. The water levels from various
states are combined, and the building is colored according
to the highest one. The color red signifies that the building is
flooded in at least one state.

3.1 Object aggregation

To further clarify what aggregated renderings are, it is best
to continue with a simple example shown in Figure 3a.
The goal of the synthetic case-study scenario is to protect
buildings from flooding. To find out how successful the
current setup is, a building damage measure can be used.
The height of the fluid surrounding the building determines
the damage. Afterwards, the danger values can be used to
color the buildings. The user can visually inspect buildings,
and easily see which ones are in danger. However, suppose
that the user wants to see the worst outcome for a building
in a variety of simulation runs. This can be done with an
aggregate rendering which uses the maximum aggregation
operator. Each group that is formed contains all values
related to a single building. The maximum operator is
applied to them, and the aggregated value is again mapped
to the building color, as shown in Figure 4.

To make this aggregation, we use a property unique to
the buildings in our simulation scenario. Every building
is represented by the same shape in all simulation states.
This property makes it easy to show the aggregated value,
as the building needs only to be colored appropriately. To
generalize, whenever we are dealing with an object that
has the same representation in all simulation states, we can
aggregate its properties and apply them to its appearance.
As we aggregate the properties of an object, we call this
type of aggregation an object aggregation.

An object can be any type of entity, not just a shape.
This makes it possible to apply this aggregation type to
many phenomena. For example, a two-dimensional bitmap
showing values as color can be aggregated if pixels are
thought of as objects. However, as the next two sections
will show, other types of aggregation must be introduced
for more complex simulation entities.

3.2 Field aggregation

As the simulation scenarios we discuss revolve around
flooding and water, there is a need to visualize the prop-
erties of the simulated fluid. In turn, there is also a need
to understand how they change in the ensemble, and thus
a need for an appropriate aggregation.

The problem of visualizing a fluid with a number of
attributes is similar to the problem of visualizing a field. If a

Fig. 5. Field aggregation. The height of the fluid is aggre-
gated with the maximum operator, producing an aggregated
rendering that uses one of the input states as context. The
color red signifies the highest water level reached by the river,
while green signifies the lowest significant level of water.

grid whose structure is constant in time is used to represent
the field, each cell may be treated as a separate object
to aggregate. However, in a free-surface fluid simulation
problem, such as the one we use, the same grid cell may
or may not contain fluid depending on the state of the
simulation. It is possible to look at the field in two ways:
as a collection of cell objects whose appearance changes
in time, or as a field object whose appearance changes in
time. Either way, there is no consistent representation that
can be used to show the aggregate.

As can be seen in Figure 3b, the idea of field aggregation
is to first aggregate all the data and then produce a new
appropriate representation capable of showing all of them.
The correspondence used for this aggregation type is based
on position. During the grouping phase, the size and
resolution of the aggregated field is calculated in advance so
that every input field is contained within it. The resolution
can be fixed, or based on the input fields’ resolutions.
In the aggregation phase, the values are interpolated at
the desired positions, and combined to create a new field.
Groups created in such a way may vary in size, as there is
no guarantee that all of the fields are going to be able to
provide a value for the aggregation position and group.

Within the simulation scenario, we apply the field aggre-
gation to the height, velocity and pressure fields of the fluid.
The simulation system uses the particle-based SPH model
[23]. As it is impractical to aggregate individual particles
and create a new particle set, we use SPH interpolation to
produce a property grid of a sufficient resolution.

To avoid the need for volume rendering or for a more
complex method of displaying the grid, the property grid
is compressed to a two-dimensional form. An aggregation
operator matching the one to be used in the aggregation
phase is applied to all the values projected onto the same
location in the XY plane (Figure 3.1.b). Displaying the two-
dimensional grid on the surface of the terrain allows us to
reduce visual clutter while sacrificing only a part of the
available information. If a context fluid is present, it can
also be shown with the grid projected onto it. This allows
a comparison of the aggregated and the context state. A
result can be seen in Figure 5.



Fig. 6. Instance aggregation. Multiple states, three of which
are shown to the left, are combined to create an aggregated
rendering. The states are colored according to how much
they’ve moved from their initial position, with red signifying
the greatest movement.

3.3 Instance aggregation

The barriers present in the simulation scenarios are con-
structed from small blocks, each representing one bag of
sand used to seal a breach. As water rushes in, these
bags ideally retain their position, but more often end up
getting swept away. To understand when and why the
barriers break, we wish to aggregate individual bags to
see their movement and the properties associated with
them. However, the bags do not satisfy the requirements of
the previously mentioned aggregation types. They change
position and orientation, resulting in a similar but possibly
different representation in each simulation state.

As with the field aggregation, a new type of aggre-
gation must be used to depict these objects. Shown in
Figure 3c, the instance aggregation takes as input both the
representations of objects and the values associated with
them. Its name is derived from the fact that it operates on
the instances of the same object stemming from different
simulation states. For an object such as a bag, each instance
is its representation in a simulation state, defined by the
position and orientation of the bag.

The aggregation groups the instances according to the
object they are representing. The values associated with
the instances, such as the bag movement, are aggregated,
and forwarded with the representations to the embedding
phase. All representations belonging to the same group are
modified to show the aggregated value. They are drawn with
a small level of transparency applied to them. As a result,
the bags are displayed with a slight ghosting effect, showing
their movement while the color encodes the aggregated
value. The effect can be seen in Figure 6.

The effectiveness of this aggregation depends on whether
the user can see which objects individual instances belong
to. Too many instances cause visual clutter, reducing the
user’s ability to perceive the movement and rotation of
individual objects. Too few instances do not provide the
user with enough information to determine the movement
of objects. To allow this visualization to work properly,
regardless of the number of instances used, we provide
three mechanisms meant to improve its efficacy. Duplicate
elimination removes instances which are too similar in
position and orientation to already created instances. This

Fig. 7. The selection icons, showing what is chosen in the
rendering. In this image, a building, a spatial position, and a
bag have been selected.

reduces visual clutter by culling instances that do not
provide enough new information. Instance interpolation
fills the gap between instances with new ones created by
interpolating the existing states’ positions and orientations.
Finally, a transfer function can be used to modulate the
transparency of the instances based on the aggregation
values. In this way, the user can focus on instances with
certain properties. The three mechanisms do not solve the
problem of visual clutter completely, but can improve the
perception of the direction and the extent of the object
movement.

4 POINTS OF INTEREST

In the previous section, we have shown how aggregation
can be applied to a number of interesting phenomena in
a consistent way. The primary purpose of the aggregated
renderings is to provide an overview and allow unusual be-
havior to be spotted quickly. Since aggregation compresses
the available information, we supply interactive selection
mechanisms to retrieve the full information. Selection al-
lows the user to designate exactly which areas are inter-
esting in an intuitive way. By clicking on the aggregated
rendering, the user can specify points of interest. In the
rendering, these are represented as floating icons, visible in
Figure 7. As new points of interest may emerge during an
exploration, the user can select additional points, or remove
old ones by clicking on the icons in the rendering.

Regardless of what is selected, the retrieval of informa-
tion can be done consistently in an aggregate rendering, as
shown in Figure 8. A click on an aggregate rendering can
be mapped to a representation of an aggregate (Figure 8a).
Based on the primitive or position that has been selected
by the click, it is possible to match it to one or more of
the groups created in the grouping phase (Figure 8b). The
values associated with the groups can then be forwarded
to an information-visualization view for further analysis
(Figure 8c). The benefit of the unified model is simple:
As long as a user’s click can reliably be mapped to a
representation of an aggregate, the selection mechanism can
extract data from any type of aggregation.
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Fig. 8. The selection mechanism. The black arrows describe
the flow of aggregation, while the orange arrows pointing
in the opposite direction describe selection. The selected
elements are depicted with an orange border.

To map the click, it must be possible to determine if
a representation of an aggregate has been selected, and if
so, what additional information must be retrieved. In the
case of instance aggregation, the object identifier must be
found, while the field aggregation requires the exact spatial
position of the selection. Either way, some information
about the structure of the scene equivalent to a scene graph
must be present. If the scene structure is known, standard
approaches to selection such as ray picking or color picking
can be used to retrieve the data.

The data produced by the selection mechanism consists
of the exact values given to the aggregation operator before.
This data can greatly differ in size and elements present.
As an example, a bag may be placed within the simulation
at a certain point in time. When the simulation states
before and after that point in time are used to create an
aggregate rendering, the bag will be present within it. If
the bag is selected, however, the group related to it will be
missing some values (see Figure 8b). This is because no
information about the bag can be retrieved from the states
where it does not exist. Another example concerns field
aggregation. Depending on the spread of the water and the
barrier configuration, some areas might not contain water.
The aggregation groups related to these areas will all be
missing values, signifying a lack of flooding.

To allow data from different selected points to be
compared despite the differences in the present data, we
introduce the concept of missing values. When extracting
data, the selection mechanism must produce one value for
each simulation state. If a value cannot be retrieved from
a simulation state, it is substituted by a missing value. As
will be discussed in the next section, this change requires
that the information-visualization views are modified to be
able to handle missing values.

5 FILTERING AND EXPLORATION

As the user selects points of interest, every new selection
produces an n-dimensional vector of values, where n is the
number of states used to create the aggregate rendering. If
the number of points selected is k, we can view the resulting
data as a collection of n k-vectors. The task of finding states

with desired properties amounts to finding suitable vectors
in this dataset. To support the user in this filtering task,
information-visualization views are provided.

5.1 Information-visualization views

In Visdom, any number of information-visualization views
can be created. Every view has access to the data created
by selection, and can show a certain number of the data
dimensions. All the views are linked, and a brushing action
in one view is automatically reflected in all the others.

Five of the available views are shown in Figure 9. The
line graph (a) and the histogram (b) are both capable of
showing only one data dimension. The line graph, how-
ever, embeds additional temporal and input parameter-space
information by drawing different parameters as different
time-dependent lines. Two dimensions can be handled by a
scatterplot (c). For cases where more dimensions should
be shown, a parallel coordinates view (d) is available.
World Lines (e) are also considered to be an information-
visualization view. To make World Lines more useful for
the purposes of this solution, we introduce a new analysis
mode. It focuses on showing selected frames and tracks
by eliminating most of the progress and frame coloring
information. The frames can also be brushed and linked in
the same fashion as the other views.

The major difference between common information-
visualization views and the ones present in our system is
the support for missing values. In the views where only
one dimension of the data is shown, no special care needs
to be taken to handle the missing values, as they simply
result in a smaller dataset. While it might be desirable to
be notified that the values are not present, their absence
does not conceal information. The same principle cannot
be applied to the scatterplot and the parallel coordinates.
Opting not to show any data entries which have a missing
value would mean that potentially interesting parts of the
data are hidden. Therefore, both the scatterplot and the
parallel coordinates support the placement of values outside
the axes. By drawing points outside of the grid for the
scatterplot, and below the vertical lines for the parallel
coordinates, we signify that these values are missing. To
further highlight this, a shade of red is used (see Figure 9¢c
and 9d).

While there is a disadvantage to introducing new visual
elements that the user might not be familiar with, there is
a large benefit to showing the missing values. When they
are visually present, the user can brush them, and pose
queries that could not be answered otherwise. An example
is the following query: "Show the velocity of other barriers
in the states where this barrier does not exist.". By using a
scatterplot and brushing the missing values, the user can see
the velocities and the states where the barrier is missing.
Queries related to the absence of data would prove very
difficult to pose without the missing values mechanism.

5.2 The exploration loop

World Lines maintains two brushes - the aggregation brush
of all the states used in the aggregation, and the brush of
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Fig. 9. Different information-visualization view types, with
brushed values. The green color denotes the brushed values
serving as a filter of World Lines states.

filtered states. Any brushing action performed in the other
views results in a change of the filter brush. Additionally,
the aggregate is updated, using only the filtered states to
form the aggregation. The overview’s update allows the user
to see the common properties of the filtered states.

Once a filter brush with the desired properties has
been found, the user can perform a contraction action.
A contraction causes all the non-filtered states to become
unselected, removing any data related to them from the
information-visualization views. The user can also expand
both of the brushes. At any point, new parameters can be
introduced, and additional data can be generated on the
fly. The aggregation brush can be expanded with these new
states, allowing them to be examined and compared against
the results generated so far.

At the beginning of the user’s interaction with the simu-
lation, only the starting state is present. By introducing new
parameters and performing simulation, the number of the
states grows. The aggregation brush can be thought of as
the focus of the exploration. As the number of states rapidly
increases, the ability to follow developments with the brush
allows the user to navigate the ensemble simulation, seeking
out properties and states of interest. With the aggregates

and information-visualization views serving as guidance,
the intertwined contractions and expansions form a loop.
This loop of analysis and experimentation enhances World
Lines, where the analysis is manual, and ComVis, where
experimentation is strenuous.

6 CASE STUDIES AND EXPERT FEEDBACK

To evaluate whether the techniques presented in the previ-
ous sections are interesting, useful, and usable, we pre-
sented two case studies to experts working in various
positions in the area of flood management. To some ex-
tent, this process was iterative. The initial motivation for
developing the techniques came from working with World
Lines and seeing their shortcomings when dealing with
ensemble simulations and more complex analyses. The
synthetic case study demonstrated our ideas, and allowed
us to present them to a small number of experts. While the
experts suggested no major changes, their feedback and
data allowed us to make a second, real-world case study.
Based on the second case study, we presented our work to
a wider audience of experts.

6.1 Synthetic case study

To show the work process and the benefits related to
using our solution, we reintroduce the flooding scenario
from the Nodes on Ropes paper [1]. The scenario and
its exploration is shown in Figure 10. A breach in the
levees protecting a city from a flooding river is likely to
occur, and the authorities wish to explore the flood defenses
that can be deployed to minimize the damage done to the
buildings. The breach event has not yet occured, and the
location where it may occur can be predicted with only a
limited degree of certainty. We have identified three relevant
parameter groups in the case study:

« Bag properties. For each individual bag: bag posi-
tion, orientation, and mass. The number of bags is
unbounded and can easily exceed 100.

« River properties. The velocity and the water level of
the river can be altered.

« Protection properties. These include the height of the
protection barriers, whether a breach exists, and if so
where it is and how wide it is.

As the river properties can be assumed to be constant,
we focused on the interplay between bag and protection
properties. Figure 10 depicts the three tasks that were
identified, illustrated on a World Lines structure created
during the exploration. Given the complexity of the figure,
throughout this section we will use letters (a-1) to identify
the various steps, and numbers to identify the tasks (T1-
T3).

The first task is understanding the uncertainty of possible
breach locations (T1). A number of tracks is created, each
corresponding to a breach location likely enough to warrant
examination (a). To understand the area at risk from a
breach, two aggregations are used. The fluid is aggregated
using the count operator, showing the area where water may
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Fig. 10. The case study used to evaluate the approach. The first task (T1) involves aggregation to examine uncertainty.
The second task (T2) is the application of a solution, and the exploration of its effects using aggregation and information-
visualization views. Based on the results, task three (T3) is enhancing the solution according to what has been learned, and

finding whether the new solution is stable.

spread, and how likely it is that an area will be flooded
(b). The building damage is aggregated using a maximum
operator, showing the risks for various buildings (c). By
brushing the simulation runs at various points in time, it is
possible to see that the endangered area spreads quickly.

To contain the water, bag barriers need to be placed
between the buildings and the levee. Task two (T2) involves
determining where they should be placed, and examining
their performance. Their placement (d) is guided by the
fluid aggregation, which shows the extent of the breaches.
The states of the bags after some time has passed are
aggregated according to their stability and the maximum
operator (e). The stability of bags is measured by how much
they have moved from their original position in the barrier.
A rather unfortunate result is that all the barriers protecting
the center of the city seem to break over time, as evidenced
by the red bags that have changed position. To check if there
are some consistently bad barriers, the operator is changed
to minimum. All of the bags are colored green, showing that
for each one of them there is at least one breach position

where they are stable.

The lack of consistency suggests that it might be interest-
ing to explore the relationship of barrier failures. For every
barrier, a bag within it is selected, creating three points of
interest (f). When shown in a parallel-coordinates plot (g),
two groups of outlier states stand out. The first one, colored
brown, is related to an unlikely position of the breach,
causing no barrier breaks. If this outlier case is eliminated,
it can be seen that barriers 0 and 1 break consistently.
In the second group of outliers, colored red, barrier 2
breaks as well. However, the second group contains states
stemming from only a single simulation run, suggesting
that the barrier’s placement is rather good. Based on these
results, we decide to slightly reinforce barrier 2, and to
replace barriers 0 and 1 with a new set of barriers.

Task three (T3) involves applying the new barrier config-
uration (h), and checking its performance. In the new con-
figuration, the fluid aggregation suggests that the flooding
is contained. When replaced with the bag aggregation (i), it
can be seen that while the new topmost barriers are stable,



the remaining barrier from the original configuration shows
a slight instability (j). To see whether this development
is significant, both configurations are brushed in World
Lines to provide data to compare (k). We create a linked
histogram (1) that shows the instability of barrier 2, and
apply a filter brush to the values originating from the new
configuration. As the figure shows, the instability is actually
lower than in the first setup, and nowhere near the values
that have come to signify danger.

Given that all the barriers are stable, we can conclude
that the current solution succesfully stops the flooding. By
refining an unsuccesful attempt guided by what we have
learned, we have managed to find a solution that works
well enough for our purposes.

6.2

Our first source of feedback was a co-author of this paper
who is an expert in the area of hydrology, specializing in
flood simulations. He saw potential for the techniques to
be applied in planning and training activities. The ability to
quickly examine and analyze many alternatives is an asset
while planning, especially in the area of hydrology. Input-
parameter uncertainty is always present, and the plan must
take this into account. Aggregated renderings can show the
statistical properties of a plan, with different aggregation
operators describing the reliability, expected values, and the
uncertainty involved with a plan. As far as the information-
visualization views and filtering are concerned, although
the expert required some clarification, he concluded that
he considers them useful as well. One problem he would
have liked them applied to is the elimination of unnecessary
parameters in complex ensemble simulations. Apart from
that, he concluded that it would be interesting to analyze
real-world data gathered from previous flooding events in
combination with simulations for training purposes.

After gathering the initial feedback, we decided to con-
tact additional experts to gain more feedback related to the
areas the expert mentioned. We found two persons who fit
this description. The first one was another simulation expert
specializing in ensemble flooding-simulations who could
give us feedback on the solution’s analysis capabilities.
The second one was an engineer from a consulting agency
specializing in the development of flood-protection mea-
sures. Both of them were given a one-hour demonstration
of the system. While they found the ideas attractive, the
synthetic case study did not match the problems that they
were working on. In cooperation with them, we developed
a new case study focusing on issues they identified, using
real-world GIS data and flood-defense specifications.

Initial expert feedback

6.3 Real-world case study

The new case study begins with the same basic problem
as the previous one. As can be seen in Figure 11, a river
passing through a town is prone to overflowing. The defense
planners wish to examine the effects of the flood given
a certain amount of uncertainty with regards to failing
defense mechanisms. However, the protections in this case
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Fig. 11. Overview of the effect of uncertain breach locations
in a real-world case study scenario. The properties of build-
ings and the probability of flooding are aggregated to show
the consequences of the flooding.

Fig. 12. Instance aggregation applied to cars. a) The initial
state of the cars. b) A close-up of the car aggregation. The
car positions are interpolated to compensate for the large
time step size. ¢) An overview of the car movement. The cars
on the left are mostly stationary, while the cars to the right
move the most.

are static rather than dynamic. The goals of the case study
are derived from the situation in K6ln, a town in Germany.
Ko6lIn employs mobile walls to prevent water from spreading
into the town. These walls have been built recently, and with
no flood that tested their reliability, a breach is still possible.
The breach position is then uncertain by definition. As the
evacuation and response priorities have to be determined
based on the breach location, a simulation-powered analysis
is required to develop corresponding plans.

Apart from the building damage and flooded areas, which
were important output variables in the previous case study
as well, a new input and output parameter was added.
The streets of a town are at any time filled with parked
cars, which can be seen in Figure 12a. If a failure of



the defenses is anticipated, these cars can and should be
removed before any flooding occurs. If this is not done,
they represent a great danger. Cars carried by water can
slam into objects causing further damage. Should they
collide with flood defenses, the additional breaches can
increase the flooding. While all these factors make it highly
advisable that cars should be removed whenever a flood is
pending, the removal requires time and resources. If these
are limited, the removal must be prioritized according to
the danger the cars pose. The goal of this case study is
to see how effective the presented system is at answering
questions related to risk and danger with respect to building
damage, flooding, and debris such as cars. In total, the
parameters of this case study are:

o The river properties, e.g., velocity and water level.

o The location of defenses. The position and height of
a mobile wall can be defined as a three-dimensional
curve. Any number of them can be present.

o The location of breaches. Any number of breaches can
be present. They are defined by the wall they belong
to, the position on that wall, and by their width.

o The position and quantity of cars. As the cars are
parked along a street, they can be described by a two-
dimensional curve and a spacing parameter. The car
mass can also be adjusted.

We began our analysis of the case study by examining the
building damage and flooded areas through object aggre-
gation applied to buildings and field aggregation applied
to the extracted velocity field. The maximum building
damage and the probability of area flooding turned out
to provide the most useful overview. Figure 11 shows
the aggregated rendering, adjusted to show the minimum
amount of detail necessary and make the aggregation more
visible. Using these two aggregates and the selection and
filtering mechanisms, we were able to pose multiple queries
about building danger and evacuation priority. As these do
not differ significantly from the previous case study, they
will not be described here in detail.

To examine the car movement, we applied the instance
aggregation to the cars, coloring them according to the
distance they have travelled. Figures 12b and 12c show the
instance aggregation combined with the field aggregation.
We discovered that only the parked cars positioned closer to
the breaches to the right moved a significant distance, and
decided to focus on them. By adjusting the transparency
function (TF) to show primarily stationary and very mobile
vehicles, a clearer picture emerged. While the cars further
away from the mobile wall moved even more than the
closer ones, their movement was contained by the street
layout. The closer cars exhibited a chaotic movement,
which was quite dangerous as the aggregation showed some
cars veering dangerously close to the barriers. Based on
this, we used an area selection tool to pick the cars near
the breach. The area selection tool performs an aggregation
of its own on all groups that it affects. The produced data
thus showed the maximum movement of any car initially
parked within the selected zone.
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Fig. 13. The analysis of the ensemble data performed
using information-visualization views. World Lines (a) shows
frames where an important building is at risk, while the line
graph (b) provides additional details about the dangers posed
by washed-away cars. (c) The parallel coordinates show the
relationships of the variables, while another rotated line graph
(d) shows the confidence interval of the global damage.

After extracting a measure of the danger posed by the
cars, we used information-visualization views to analyze
how the various outputs were correlated. In the parallel
coordinates shown in Figure 13c, we brushed the damage
inflicted to the selected building. For the purposes of the
case study, we consider it to be a school - a high-priority
evacuation zone. When this building is in danger, some
people who would otherwise be working on removing the
cars have to help with evacuating the school instead. First
we consider the brush in World Lines (see Figure 13a),
giving us an idea when the danger happens. To examine it
in more detail, we use a line graph showing car movement
in the ensemble (see Figure 13b). To see how the entire
city is faring, we examine the brush in another line graph
(see Figure 13d) which plots the global-damage confidence-
interval.

By using aggregated renderings, we were able to locate
the source of the risk quickly. The filtering and selection
mechanisms then allowed us to find coexisting risks, which
would have to be considered in the making of the emer-
gency plan.

6.4 Final expert feedback

After developing the real-world case study, we collected
opinions from the two experts again, but also attempted to
evaluate the solution with a greater number of potential
users. For this purpose, we provided a questionnaire in
which the users were asked to grade the intuitiveness
and the relevance of the presented techniques and employ
ratings on a scale of one to four. The evaluation started



with the two simulation experts, who were invited for
another session, lasting between one and two hours. The
experts found the overviews generated by the aggregations
to be quite useful, and thought the same of the filtering
mechanisms. However, they needed time to adjust to the
information-visualization views.

We received more detailed feedback from the consulting
engineer. He sees the tool as having great potential as a
planning device, but noted that further reworking is needed
for it to be used for a specific purpose. He considered the
aggregations to be quite intuitive, and suggested a level-of-
detail approach. While an engineer appreciates the ability
to fine-tune parameters and perform detailed analyses,
the average user would benefit from a reduced interface
containing aggregations as an overview and little else.

Apart from the simulation experts, we presented the real-
world case study to the people in charge of the Koln
flood protection. Seven response personnel and five flood-
protection planners took part. Our experience with the
simulation experts suggested that at least half an hour was
necessary for a user to be introduced to the system, with
an hour needed to perform an evaluation. Given that their
gathering was a part of a greater meeting, we had only a day
in which to demonstrate the capabilities of the system. As
we could only send a single person capable of performing
the evaluation, we had to take a different approach to collect
feedback from this group. Each part of the questionnaire
was illustrated by a video showing the system in action. The
videos, accompanied by live commentary by the evaluator
who also answered questions, were presented to the group.
After this two-hour long session, informal conversations
provided more information.

The questions posed can be divided into three categories:
aggregation, information visualization and filtering, and
selection. All three were received well, as can be seen
in Figure 14. Interestingly enough, the response personnel
consistently considered the components more intuitive and
relevant to their line of work than the flood-management
staff. Given that the tool is meant to be a planning tool,
and that we had received positive feedback from people
involved in planning earlier, we are not able to completely
understand this result. The simulation experts had the best
opinion of the tool. This is probably a result of their earlier
involvement and the more engaged evaluation.

7 IMPLEMENTATION

The aggregations shown in this paper are meant to help
users create an understanding of a very large and varied set
of data. It is safe to assume that the number of states used
in an aggregation exceeds a hundred, and is only limited
by the number of simulated states. The design questions
are related to performance. Each aggregation requires data
from multiple simulation states to be processed. Since the
data is produced and aggregated according to the states
the user brushes, it is not possible to predict which data
an aggregation will need in advance. Instead, we gradually
produce and store the data to suit the user’s requests.
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Fig. 14. The responses of the experts who had participated
in the second evaluation.

Whenever the user introduces a change into the simula-
tion, or brushes a set of states, the necessary calculations
are determined and performed. All of the intermediate
results such as simulation states or extracted information
are stored. If possible, these results are reused. For example,
whenever an aggregation operator is changed, the extraction
and grouping phases are skipped, as the change could not
have affected them. The algorithm used in Visdom that
makes such caching possible is described by Schindler
et al. [24]. The functionality required for aggregation is
decomposed into various dataflow nodes, and the system
takes care of data generation and reuse automatically.

The amount of time needed to create the aggregations
depends on the input type used. Tests were performed on
an Intel I7-equipped computer with an NVIDIA GTX 480
card. For the synthetic case-study scenario with around
60000 particles, the extraction of the building and bag data
takes a relatively short time to complete, requiring 20 ms
per state for the buildings and 30 ms per state for the bags.
The fluid-property extraction is computed on the GPU and
takes around 60 ms per state, primarily because of the SPH
interpolation. The extraction phase is the computationally
most expensive part of the presented technique. Both the
grouping and the aggregation phase are fast, requiring only
basic operations to be performed on previously prepared
data. The embedding phase is limited primarily by the
renderings used as a basis for the embedding. The real-
world case study uses around 500000 particles, but the
nature of the SPH interpolation means that the increase
in time needed is linear. The particles analysis requires
approximately 400 ms per state with such a simulation.

The first aggregation the user performs is usually the
most time-consuming one and incurs a noticeable de-
lay depending on the number of states selected. All the
subsequent aggregations reuse at least part of the data,
and require less time. The brushing of the information-
visualization views deals with small amounts of data and
can be performed interactively. If the user brushes a view,
linked window updates are done as the selection changes,
allowing the analysis to run smoothly.

All the timings mentioned above are insignificant in
comparison to the simulation time, which we have found to
be at least ten times greater than the analysis time. While



the results are not delivered instantly, the calculations are
performed fast enough to allow for experimentation and
analysis. The analysis results could also be precomputed
immediately after the simulation states have been calcu-
lated, hiding the overhead.

8 APPLICABILITY IN OTHER PROBLEM DOMAINS

While we have performed our evaluation on flood simu-
lations, during the inception and development of the tool
we were careful not to make any assumptions about the
underlying type of simulation or data. Steerability is not a
necessity for using the tool. Both the tool and the frame-
work it resides in are meant to handle steerable simulations.
However, they can also be used as a standard dataflow
system as well, with the ability to integrate modular com-
ponents. This tool could be applied to other problems. The
question is how efficient it would be in other domains.

The basic problem that this system could solve involves a
large number of multi-dimensional data instances which has
to be filtered in some way. As many tools already attempt to
tackle this problem using information-visualization views,
the strengths of our tool dictate which problems might
be interesting. The selection mechanisms work well for
problems with an infinite or extremely large parameter
space. The size of the parameter space can come from the
complexity of the underlying data. For example, genetic
data can be seen as having a very large parameter space,
many instances, and a need to identify instances with
certain properties. Given that tools using similar principles
already exist in this domain [22], the usefulness in this case
would depend on how well an aggregation could be used
to detect interesting regions of the parameter space.

A parameter space may be enlarged dynamically not only
by interactively steering a simulation, but e.g., by using a
feature-detection algorithm on data instances. In the case of
volume rendering, considering every voxel as a parameter
would be impractical, but detected features could be taken
as additional parameters to analyze. The difficulties here
would lie with the grouping of detected features and with
the visual clutter in an aggregated rendering. If instance
aggregations could be additionally improved as to include
only features that are selected, adding an additional level
of filtering, the tool could be useful in this context.

Steerable simulations are still the best fitting area of ap-
plication. Two interesting domains are traffic simulation and
climate-data analysis. Traffic simulations are quite similar
to our current scenarios in terms of rendering requirements,
and the usefulness of introducing new simulation parame-
ters in the middle of a run, such as crashes. The experts
from Koln in charge of traffic management during crises
have stated that applying the problem to this domain would
be interesting. Climate-data analysis could also benefit from
the introduction of changes simulating, e.g., policy changes
in various states. The application of similar techniques in
this domain [2] shows that selection and aggregation would
be useful as well.
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9 CONCLUSION AND FUTURE WORK

In this paper, we present an aggregation-, selection- and
filtering-based solution meant to help the user navigate
an evolving simulation ensemble. We have found the ag-
gregate renderings useful for detecting unusual behavior
and monitoring of a simulation. The main benefit of our
work is the extension of the area where interactive visual
analysis mechanisms can be applied. With selection as an
intermediate step, the dimensions of the data to be analyzed
need not be known or shown in advance. This allows our
tool to be used in a steering enviroment where changes
create new data or require the focus of the analysis to shift.

In our future work, we would like to concentrate on
two aspects of the system. The analysis mode requires an
amount of time proportional to the number of analyzed
states, which might not be available in time-critical situa-
tions. Some filtering operations could instead be performed
using a selection operator. A selection could have different
meanings - find all states with a similar value at this point,
show contributing states, exclude similar states, etc. By
reducing the need to create or manipulate information-
visualization views, the system could become easier and
faster to use for domain experts.

Another aspect is the use of automatic data processing
in the system. In some aggregations such as the instance
aggregation, many instances related to a common value can
occlude interesting events in other states. By clustering
and displaying only representative instances, the clarity
of the visualization can be improved. Feature-selection
techniques combined with random sampling could be used
to suggest points of interest that the user had not noticed,
with respect to brushed states. These approaches cannot
replace the human operator, but could be useful as a means
of improving the usability of the system.

We feel that the strength of our approach lies in its
flexibility and heterogenity. The ability to quickly switch
between various aggregation types allowed us to change
the focus of the visualization as we switched from explo-
ration to problem solving to solution verification. Different
simulation primitives that would normally require to be vi-
sualized in different ways were presented in the same visual
context. Despite the diversity, the selection and filtering
mechanisms secured uniform access to the generated data.
Visualization solutions often concentrate on one problem
and solve it well. We hope that our approach is a step
towards a more general problem-solving enviroment, more
suited to the complex situations encountered in real life,
but still harnessing the power of visualization, simulation
and interactive visual analysis techniques in a single tool.
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