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2 I Some Important Questions Cannot Be
Answered with Just One Simulation Run

Simulation ensembles are used for answering:

• What effect do small changes in input produce in the
outputs? (Sensitivity Analysis)

• What range of output values are possible? (Model
validation)

• How many different types of results are possible?
(Categorization/ Clustering)

• Which results are unique/anomalous? (Outliers)

Traditional tools not designed for ensembles

• Do not scale in number of runs

• Designed to scale with problem size

• Display limited to handful of results

• Not designed for ensemble results data

• Designed for geometric data

• Not designed for sets of multi-media outputs
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3 Ensemble Data is Challenging Because of Its Size & Complexity

500-1000 Runs
(Largest 50K)

P. Crossno, "Challenges in Visual Analysis of Ensembles," in IEEE Computer Graphics and Applications, 38/2, pp. 122-131, Mar./Apr. 2018.)



4 Ensemble Data is Challenging Because of Its Size & Complexity

X

500-1000 Runs
(Largest 50K)

6 Histories (1M Timesteps)
1 Mesh (300 Timesteps)

Media:
6-12 Movies (300 Frames)

24 Images
1 Pdf

P. Crossno, "Challenges in Visual Analysis of Ensembles," in IEEE Computer Graphics and Applications, 38/2, pp. 122-131, Mar./Apr. 2018.)
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X

500-1000 Runs
(Largest 50K)

X

Numeric

Structure
• Volumetric

• Surface in 3D

• 2D

• Graph/Tree

R Elements

6 Histories (1M Timesteps) 1-5M Elements
1 Mesh (300 Timesteps)

Media:
6-12 Movies (300 Frames)

24 Images
1 Pdf

P. Crossno, "Challenges in Visual Analysis of Ensembles," in IEEE Computer Graphics and Applications, 38/2, pp. 122-131, Mar./Apr. 2018.)
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X

500-1000 Runs
(Largest 50K)

X

6 Histories (1M Timesteps)
1 Mesh (300 Timesteps)

Media:
6-12 Movies (300 Frames)

24 Images
1 Pdf

Numeric

Structure
• Volumetric

• Surface in 3D

• 2D

• Graph/Tree

R Elements

1-5M Elements
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/
Element

Variable
• Scalar

• Vector

• Tensor

• Function

300 Variables

P. Crossno, "Challenges in Visual Analysis of Ensembles," in IEEE Computer Graphics and Applications, 38/2, pp. 122-131, Mar./Apr. 2018.)



7 Ensembles Demand Supporting Analysis &Visualization Capabilities

Understanding Results Without Viewing Each/All Runs

Across Variables

Relationships
• Correlations

• Spatial

• Temporal/Trends

Betvveen Runs

Similarities/Differences
• Sensitivity Analysis

• Clustering

• Anomalies/Outliers

Shared Attribute Spaces

Feature Extraction, Statistics, Metrics, Data Transformations  1
i Levels of Abstraction

Whole Ensemble

Group Relationships
• Varia ble Correlations

• Clustering

• Temporal Trends

Ensemble Members

Member Relationships
• Similarities/Differences

• Patterns

• Anomalies/Outliers

Member Components

Individual Simulation inputs/Outputs
• Input Parameter Values

• Simulation Results

• In Situ Generated Images/Movies
— —.,

Goal: A scalable, extensible analysis Et visualization system for understanding ensemble data at
multiple levels of abstraction: the ensemble as a whole, runs/sets of runs, result components.

P. Crossno, "Challenges in Visual Analysis of Ensembles," in IEEE Computer Graphics and Applications, 38/2, pp. 122-131, Mar./Apr. 2018.)



8 I SlycatTM Architecture Targets Ensemble Size Scalability

Scalable Meta Analysis

• Analysis done in parallel on ensemble data on HPC

• SlycatTM server stores and manipulates reduced-scale models*

• Models are visualized remotely, interactively, and collaboratively
with desktop web-based interface

Milestone Data Examples

• Milestone demonstrated scalability to 15K runs in web interface

• Generated using Sierra/SolidMechanics and Catalyst

• Material fracturing problem, punch impacting plate

High Performance
Computer (HPC)

..----- ------..„,

Ensemble
Storage

[0. Slycat Host

Slycat Web
Server

(--- --;

Model
Storage
 ,

SlycatTM Architecture

Three videos showing the simulation from different viewpoints, each consisting of 1000 frames.
All share identical colormaps, encoding Von Mises stress (red is high stress).

*Analytical models of results data, not physics models used by simulations



9 I SlycatTM Models Provide Multiple Perspectives

Visual Representations

• SlycatTM models target specific result
data types, encapsulating analysis
results, visual representations, and
interactions.

• Models provide multiple levels of
abstraction: the ensemble as a whole,
individual runs, and raw data.

• Models support multi-media results.
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I Identifying & Understanding Relationships Between Variables Is
Important
• Algorithm: Canonical Correlation Analysis
(CCA) generalization of Principal Component
_Analysis (Hotelling 1936)

• Analysis: Correlations between 2 sets of
variables, sensitivity analysis, anomaly detection

• Data Type: Tables of scalar values
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Bar chart shows velocity input parameter is highly correlated with output stress metrics
(15K runs). Scatterplot color-coded by velocity (5 values due to Latin Hypercube sampling).
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CCA results used in scatterplot (relationships
between runs) and bar chart (relationships for

ensemble-as-a-whole)

H. Hotelling "Relations between two sets of variates,"
Biometrika 28(3/4): pp. 321-377, 1936

P. J. Crossno, T. M. Shead, M. A. Sielicki, W. L. Hunt, S. Martin,
and M.-Y. Hseih, "Slycat Ensemble Analysis of Electrical Circuit
Simulations," Topological and Statistical Methods for Complex
Data, Springer-Verlag, 2015



11 Time Series Clustering Reveals Relationships Between Inputs and
Groups of Output Results

• Algorithm: Agglomerative hierarchical clustering

• Analysis: Time series similarity, shape filtering,
map output variability to inputs, find outliers

• Data Type: time series data, vector data
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Dendrogram clusters similar time series (ensemble-as-a-whole); plot reveals

outliers (relationships between runs) for 15K runs showing cell deaths over

time colored by input velocity.

Cells die over time, allowing a plug of cells to be pushed out from the plate.
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Dendrogram interactively controls plot visibility to compare selected run with

cluster.



12 I Dial-A-Cluster Combines Multiple Time Series Variables Into a
Single Projection Space

• Algorithm: Multi-dimensional scaling ( DS)

• Analysis: Multivariate time series clustering,
temporal comparison of sets

• Data Type: time series data, vector data
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Time series for element 5768, the dimple element on the plate, after optimizing

slider values against input velocity values. The 3 most significant temporal

variables relative to input velocity are shown in the plots.

Martin, S., and Quach, T.-T., "Interactive Visualization of Multivariate Time
Series Data," in Human Computer Interaction International (HCII),
Foundations of Augmented Cognition: 322-332. 2016



13 We Can Compare the Same 3 Temporal Variables for Elements
at Different Key Locations in the Mesh, Plus Track Cell Deaths
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14 I Parameter Space Exploration Guides Media Viewing

• Algorithm: Visual pattern recognition by analyst

• Analysis: Parameter studies, multi-objective optimization, visual
exploration, filtering, media retrieval and comparison

• Data Types: tables of scalar values, media (images, video, pdf, stl)
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15 New Iterative Ensemble Analysis in Parameter Space Model
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Update Table modifies model to use 500 run CSV.
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Update Table modifies model to use 1000 run CSV. Update Table modifies model to use 2500 run CSV.



16 I We Are Currently Developing a Coordinated Surface Mesh
Viewer for Parameter Space Models

Still in development, not available on servers
• Surface mesh geometry, no volumes

• Selectable variables for surface color

• Similar to videos, synchronized viewing
Operates on geometry in Kitware's vtp format

0.38 -

0.36-

0.34 -

0.32 -

0.30 

SOO

•
X 17

♦

X D t 841333

X CI s 4 effi]

X GI 34ffl % X 17

velocity

densit... young... young... young... eleme... eleme... eleme... eleme... eleme... elem

0.000214 0.000602 0.0265 10000000 29500000 29500000 -239235.6456 51412.17614 -2500260627 4541962567 -279934.8775 1391

(1) 3D Test owe mew- x +

(- C C, A Not Secure I local host 9000/models/9.69ffacb6a433039.35.4ff7a16f.ld=891313010028092ecb6507ff2d.3945 N e

Q. ,C!? 3D / 3D Test Data New c:1311 Edit - Info - B0010Talka Delete - D

x• 1 - I Point Dew • Hew. - Hs Seleaon Action Show All 1 Close All I i I S l l 30 

index velocity

-233

friction

0.35

dense...

0.020214

dens...

0.000682

dens...

0.0255 10000000 29500000 29500000

010me...

-239235.6456

elem...

51412.171114

Blame...

.250828.0627

eleme...

45419.62567 -279934.8.5

eleme...

13915.3256

slams...

-15707.35743

slams...

8987.110994

slams...

-577..76672

Blame... 03

38549.85276

-144 0.3 0.000232 0.000882 0.0335 10000000 30500000 29500000 -240812.694 0 4496730633 0 -263047.8939 0 -9310.590963 0 -60230.86692 37211.272. -5:

-500 0.4 0.001246 0.001717 0.0335 10200000 30500000 28500000 -227080.4591 32617.6173 -244274.4695 26141.363. -279262.9076 1247595814 -12211.43276 15234.4489 -56231..961 70716.80315 -5'

.2 0.4 0.000232 0.000082 0.0265 1041:0000 30500000 .500000 -239442.3E113 31700.57729 -253173.0186 23439.91697 -209519.8344 13861..271 -11256.15189 8904.252699 -5999428476 34201.06575 .5:

4 -411 0.35 0.1300248 0.000882 0.0283 10400000 30500000 28500000 .226537.022 34203.63806 .2425232496 14798.783139 -278669.7023 10037.00196 •1488036006 9746.398076 -57601..203 36257.265

411 0.5 0.003287 0.0037 0.03 10000000 2B500000 2B500000 -227900.51. 5036.12463 -.13913.2986 27604.66465 -284206.27 13401.192674 -17990.96017 8577.634715 -58011.137685 36068.81206 -51

-144 0.35 0.000248 0.000752 0.0205 10400000 30500000 20500000 .2.1713.1509 0 .248963..3 -2873..3953 0 •10136132835 0 430080079 37931.23693

-322 0.3 0.000214 0.020735 0.03 10400000 30500000 29500000 -239000.2317 20038.134. -252.0..14 1762_5.66226 10724.33809 -11.3.17303 13688.28049 -58107.19727 33017.05483 8

-.0 0.35 .000243 0.003752 0.03 10400000 30500000 20500000 .228951.1915 28715.594 .244187.5509 24875.802. 7613.808188 13447.8 682 8052.270454 34305.21458 ..51
. - 4.4 ono. ..mone polo 34557.3.3 ..34.3o n70 1 neon 701ini AQSA nn7n gnegn, .11n.1.17 mama xerrann333,



17 I Video Comparison Alone is Insufficient,We Need Temporal Video
Clustering

• Algorithm: Multi-dimensional scaling (MDS),
aligned temporal evolution (see our paper)

• Analysis: Identify clusters, reveal temporal
behaviors, map output variability to inputs, find
outliers, compare videos

• Data Type: images (jpg), videos
1101 vollol
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Video similarity: current frame (scatterplot), over entire simulation (graph),
plus synchronized playback for selected runs.
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Slowest input velocity runs (red) are separate in graph because they all fail to
penetrate the plate.
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18 I SlycatTM Addresses Multiple Ensemble Analysis and Visualization
Challenges to Successfully Meet Our Goal

• Data Complexity

• Models tailored to address specific results types

• Multiple model types with complimentary perspectives on the data

• Remote access to in situ generated media (images, movies)

• Sc alability

• Parallel analysis on HPC, visualize analysis artifacts remotely

• Visual representations with multiple levels of abstraction

• Drill-down to result data of interest

• Usability

• User Interface Design and Interactivity (key to user adoption)

• Group operations on sets of ensemble members

• Extensible plug-in architecture

Goal: A scalable, extensible analysis a visualization system for understanding ensemble data at
multiple levels of abstraction: the ensemble as a whole, runs/sets of runs, result components.


