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Abstract

Though the mediums for visualization are limited, the potential
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cally examine past scenarie@ wherein a particle visualization
requires a defined spatial element and multiple additionalrdime
sions[2], [3]. We then explain how multidimensionaisualiza-

dimensions of a dataset are not. In many areas of scientific studytion techniques can apply the uncertaity of suchdata. These
understanding the correlations between those dimensions and theitechnique<an help a usegxamine correlation patterns between

uncertainties is ipotal to mining useful information from a
dataset. Obtaining this insightan necessitate visualizing the
many relationships amortgmporal, spatial, and other dimemsi
nalities ofdata andts uncertaintiesWe utilize multiple viewsfor
interactivedataset exploration and selection of important features

dimensions and use the insigiinedto interactively select a
time step andlimensionfor emphasis and detailed expition.

The benefit of this approach is thatientists can visualize
multiple types of uncertainty and can mine each in the same
manner that they examine other types of data. Furthermore, they

and we apply those techniques to the unique challenges ofcan visualize uncertainty without limiting their ability tesualize

cosmological particle dataseté/e show howinteractivity and
incorporation of multiple visualization techniques heiercome
the problem ofimited visualization dimensions and allomany
types of uncertainty to be seenciorrelation with other variabde

Animations as well as additional information are available at
http://vis.cs.ucdés.edu/~haroz/cosmology

KEYwoRDs: Visualization applications, cosmology, uncertainty
visualization, parallel coordinates

INDEX TERMS: H.5 [Information Interfaces and Presentation];
1.3.8 [Computer Graphics]: Miscellaneous Time-Variant
Vertices

1 INTRODUCTION

The visual system is a powerful tool for pattern recognition, yet it
requires its input to be particularly formatt&patial perception is
one of our moreapableanalysis tod, yet highly detailed spatial
dataimposesa limitation on the flexibility that often characterizes
some of the more powerful information visualization techniques.
Given the complexities already present in the visualization of
spatial datapresentingmultiple types of uncertaintglong with
spatal information caraccordinglyprovide a unique challenge.

In this paper we explain how uncertainty, when quantifiable,
can be applied as additional dimensidhs visualization has been
estabished as an effective technique for data minibg we in
turn advancethese visualization approaches to find new and
insightful information aboua datasethat has multiple sources of
uncertainty Furthermore, we explore ttsparselystudied area of
uncertainty over time.

The driving force behind this study is a series of cosmological

other variables of interestVe demonstrate howhe multiple types

of uncertaintyin the spatial and temporal dimensions of these
cosmology datasetsan be visualized an@xplored with the
ultimate goal of helping scientists answer their own gaesti

2 UNCERTAINTY VISUALIZATION

The level of data uncertainty can be a crucial component in
making an informed decision. If the goal of visualization is to
provide insight into data, then the certainty of that data should
also be presented. From MRIs udsd medical professionals to
wind speeds used by fifeghters, misconstrued confidence or
simply a lack of consideration of data uncertainty can have life
threatening implications. Nevertheless, the presentation of
information certainty (or the lack thef@a@an be difficult when

the mere problem of effectively presenting absolute data alone
necessitates a complex solution. Whether ignoring uncertainty or
presenting it while sacrificing another data variable, the eons
quences of incomplete information mag bnacceptable for the
intended viewerThe field of uncertainty visualization has made
great strides recent[@#], and witheverlarge datasets being made
available, new applications of those techniqaesbecoming an
ever more feasible body of research.

A myriad of causes can result in uncertainty. Desampling,
inconsistent measurement quality, awmariationsin simulation
calculations can all affect data precisidh, [5], [6]. Visualizing
data while acknowledging its ambiguity is a difficult feat, as the
representation of the uncertainty can easily interfere with the
representation of the data itself. Neverthelessdering unae
tainty in combination with accurate 3D datia particularly
necessary fomany scientific visualizationdn turn, visualizing
uncertainty in @ound 3D spacean present a difficult challenge,
as displaying theambiguity can use up importanfeatures of

particle datasets with multiple dimensions of data as well as time volume visualization such as color or opacity. Workarounds for

variance and uncertainty across all of the disiams. \\é specif-
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this problem ca include using textureblurred renderingor
noise however such approads would be difficult to applyto
data that is already noisy or that haketail greaterthan the
resolution of the screen.

Rendering the uncertainty of a shape or surface presents a
similar problem to volume uncertainty, as the uncertaiigplay
can occlude or interfere with the spatially constrained data
Texture, color, bump mapping, ambint clouds are possible
resolutions to the problefd], [7]. Bump mappinga surfacecan
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Figure 1. (a) The particles are arranged evenly on a 3D grid. (b)
They are then perturbed slightly to satisfy the cosmological initial
conditions. (c) The simulation then moves the particles based on
gravitational forces forming dense clusters and sparse regions.
Notice that that the red particle moves so far left that it wraps
around the edge. In reality, the particles are of course much smaller
and the simulation has no collisions, i.e. particle scattering is very
small and ideally does not occur.

Figure 2. These images show the FLASH dataset. Each image
shows a different wrapping offset of the same data from the same
view, and the circled clusters are the same in each image. The
clusters and sparse regions of the particles are clearly visible. The
coloring is based on velocity magnitude which correlates highly with
dense clusters of particles. Red represents low velocity, while light
be particularly effective at portraying some types of surface Yellow represents high velocity.
uncertainty; it intuitively addsoise ancambiguity to the surface.
Though effective for some datasets, bump mapping provides little universe for a number of time steps until the current epoch is
information about the type of uncertainty. Scenarios in which the reached.
statistical information or source of the uncertaifgyof major As is typical for cosmological simulations, periodic boundary
interestmay not benefit from thiapproach. The effect could also  conditions are imposed. When a particle moves past one edge of
be confused with the surface itself. Typical point clouds around a an axis, it appears otie other end This property is intguing
surface can have a similar problem. Though their noisiness canfrom a visualization perspective because #ixes wrap. As we
differentiate them from a surface, the static nature of the ¥sual will discuss later in the paper, we address this important hurdle in
zation makes interpretinthem as an actual noisy surface entirely our visualization implementation.
plausible. Ultimately, all of these methods have great merit for The dataset also includes important elemenft urcertainty
visualizing particular types of uncertainty; choosing one must that havenot yet been visualized:he sources ofncertainty are
depend on the type of additional data that the designer wishes tdhe numerous simulator codasedto compute the inteparticle
visualize. forces and the approximated values that drive theBome

With the variety of sources of uncertainty in data, the type of simulatorsmake use of hierarchical sampling of the system phase
uncertainty should be an important consideration in visualization space distribution functiofil1], [12], while others simplify by
design.Olston and Mackinlay explored the differences between distance[11], [13]. Each simulation was run separately, asdaa
uncertainty defined statistidly (for example via a mean and result of th& implementation differences every simulation
standard deviationgand uncertainty defined asrange between produced slight deviations in the particle distributions and final
two values [8]. They explain that the standard statistically velocities.Past comparisons of the cedeve found gquantitative
oriented method of error bars is unsuited for displaygmged differences irthe simulation resultg 0], [11].
uncertainty. In its place, they propose using a technique that they = Past approaches have made effective progress in visualizing
call fAambiguationo to present sintutypes olparticke dataa Thase gnethods have rgeritgni tmeip | e
graphs, they demonstrate their method of clearly defining the effective portrayal of the partide position and velocity2].
minimum value and graying the area between the minimum and However, we now have the benefit of hindsight and newer
maximum. They also provide examples of bounded amd u technology. Earlier approaches to visualize even a single dataset
bounded uncertainty in graphs that have a fixed area (such as a pigended torely on hierarchical groupings of the datahich
chart). In these more rigid cases, the uncertainty lies in the required preprocessingnd only provide complete detail at the
boundary between two regions. The suggested approach is tdowest levelq14].
makea blurred regionor shade the borders based on the level of Extendingthe singledataset effortsAhrens et al. studied the
uncertainty.The boundedrange of star positions and consiell visualization of multiple datasets via a sileside comparative
tions has recently been visualized by Li e{@]. analysis [2]. They visualized two individual datasets in separate
views with linked transformsEach dataset was generated by a
different simulation code, but the initial conditions were the same.
Although this method can be useffilproceeded by a focused
serial search through the imagésunfortunately relies upon the

3 CoSMOLOGICAL SIMULATION COMPARISON

As an example3D datasetwith significant uncertainty we
examinethe results ofa cosmological particle simulatiogener# assumptiorthat we carproficiently detect differences in sidey-

ed as part of a study of cosmological simulation robustii€gs side images.Testing a principle known ashange blindness
The goal of the dataset is to examine the inconsistencies betweemerception researchers have found tha are surprisingly poor at
different simulationshat begin with thesameinitial conditions detecting changes between images if a small interruption exists
[2]. The simulation begins as 25particles arranged evenly on a  between thenfil5]. That interruption can be as insignificant as the
cubical grid. The particles are then moved by small amounts to brief, split-secondblindness that occurs during a saccadic eye
establish the correct cosmological initial conditigssefigure 1), movement.In other wordssignificant changes can go unnoticed
which are constrained by observations of the cosmic microwave when shiftingfocus from one image to anotheFhe optimal
background and the distribution of galaxies on large scales. Thepresentation of difference would lack even the slightest spatial
particles then move under the indince of gravity in an expanding  and temporal interruptions.
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Figure 3. This zoomed view shows a comparison of the FLASH and HOT simulation results with the particles colored based on the velocity
uncertainty. Yellow particles have the highest velocity uncertainty, while blue particles are more certain. The parallel coordinates view on the
bottom shows a smooth gradient along the leftmost axes, velocity magnitude (Vmag) and location uncertainty (Loc Uncert). The bright yellow
lines along the center of X, Y, and Z axes (on the left) represent the position of the dense and highly uncertain clusters in the center of the
view. The difference in the force resolution of the two simulators results in high variation in the dense regions, which are bright yellow.

3.1 DATASET AND VISUALIZATION INTERFACE small linewith a length and orientain that correspondo the
par ti cl e ®hemiddie bf thatilirte ys the locationf the
Each particle in the dataset hagosition and velocity in 3D particle The locationproperty however,camot benaively taken
space. The particles also have an ID number, so a single particleat face value. The wrapping of the axes means that important
can be identified in multiple simulation results. information such as clustersnay besplit by the edges of the
The paticles have moved under the force of gravity and bounding cube. To address tigistential problemwe creatd a
formedlarge scale structures. Theerallstructure has three main ~ set of three sliders. Each corresponds to one of the axes and
elements: highly dense regioiisthe secalled clusters, highly represents anffset used to wrap the axishe user can adjust the
sparseregionsi the secalled voids, and filaments. The general sliders to move the interesting information away from the edges
features bthe large scale structurés.g. the positions of clustgrs (seefigure 2).
andthe shapes of voids are the same in all the different aimul
tions, while the exact particle positions and densities can vary. 3.2 MULTIVARIATE REPRESENTATION
Within the dense clusters, particles with varied velocity aaimb
extremely close proximity, so voxelizing and rendering this data Next to the primary spatial visualization we include a parallel
as a volume is not desirable. coordinates view of the data that also acts as a control mechanism.
For one view, ar implementation renders each particle as a This view allows numerous dimensioristbe data to be simué



