


Visualization: what for?

• Dwarf galaxies orbiting the Andromeda Galaxy

•Nature, January 3rd, 2013
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Challenges

• These are complex data-sets:

•What should we show?



Challenges

• These are complex data-sets:

•What should we show?

- Representation

- Exploration

- Analysis

- Interpretation

More than nice looking images!



Main Research Themes

User Interactions

Interactive Rendering

Geometry Analysis
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Summary

• Overview of Topological Data Analysis

•Combinatorial critical point extraction

•High-level structures (Reeb graph, Morse-Smale complex)

• Upcoming challenges

• Topological Analysis of Uncertain Scalar Fields
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Input Data

• Domain representation

•d-triangulation

•Simplicial complex

• Input data

•Piecewise linear (PL) scalar fields

•

•Linear interpolation with barycentric coordinates

•Piecewise constant gradient
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Critical Points of a Scalar Field

• Points where the gradient vanishes
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Critical Points of a Scalar Field

• Points where the gradient vanishes

• Applicative interest

•Chemistry: centers of atoms

•CFD: centers of vortices

•Thermodynamics: hot spots

•Etc.
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Critical Point Extraction Algorithm

• Local, inexpensive operations:

•Regular point:

•               simply connected

•               simply connected

•Minimum:

•

•Maximum:

•

•Otherwise: Saddle point
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Critical Point Extraction Algorithm

• Interesting combinatorial properties:

•Finite number of critical points

•Under certain assumptions:

•Only isolated critical points

•No degenerate critical points

•Consistent with the smooth setting:
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In practice...
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Persistence Curve

• Number of critical point pairs

•As a function of their persistence
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Persistence Curve
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Structural Understanding

• “Sur les points singuliers d'une forme de Pfaff 

complètement intégrable ou d'une fonction 

numérique”, Académie des Sciences, 1946
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Reeb Graph

•

• Quotient space on

• By the equivalence relation

• Demo!
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Reeb Graph in Practice

• Applicative interests

•Persistence diagram computation (low dimension)
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Reeb Graph in Practice

• Applicative interests

•Persistence diagram computation (low dimension)

•Optimal iso-surface extraction and simplification

[Tierny et al. VIS09]
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Reeb Graph in Practice

• Applicative interests

•Persistence diagram computation (low dimension)

•Optimal iso-surface extraction and simplification

•Data Segmentation 

[Guenther  et al. VIS14]
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Reeb Graph in Practice

• Applicative interests

•Persistence diagram computation (low dimension)

•Optimal iso-surface extraction and simplification

•Data Segmentation 

•Feature tracking

•Comparison

•Verification

•Etc.

[Bremer et al. TVGC11]
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Morse-Smale Complex

• Equivalence relation on integral lines
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Morse-Smale Complex

• Equivalence relation on integral lines

•Ascending/Descending manifolds

[Gyulassy 2008]

15



Morse-Smale Complex

• Equivalence relation on integral lines

•Ascending/Descending manifolds

• Multi-scale representation

•Structural abstraction

•Data segmentation

•Feature analysis and tracking

[Gyulassy 2008]

15



Major Scientific Challenges

• Large-scale data, in-situ Viz

• Time-varying data

• Multi-variate data

• Uncertain data

[Weinkauf]

[Fout]

[Akiba]
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Major Scientific Challenges

• Large-scale data, in-situ Viz

• Time-varying data

• Multi-variate data

• Uncertain data

[Weinkauf]

[Fout]

[Akiba]
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Overall, topological data analysis:

~ 20 years of research 

… to reboot!



Uncertainty in Scientific Data

• Omnipresent in Science

•Acquisition imprecision

•Numerical error propagation

•Parameter studies
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Visualization Challenges

• Well studied in Scientific Computing

•Visualization?

• Uncertainty insights

•Value uncertainty

•Positional uncertainty

• Data insights

•Assessments despite the uncertainty

• Infinitely-many... 

•Uncertain data-set as a whole
18



Uncertainty in Visualization

• Qualitative evaluation of positional uncertainty

[Pfaffmoser et al., Comp. Graph. For. 2012]

[Potter et al., IEEE Comp. Graph. App. 2013]
[Poethkow et al., Comp. Graph. For. 2011]
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Topological Techniques for Uncertainty

• Multiple scalar fields

[Hedelsbrunner04]

[Carr13][Huttenberger13]
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Topological Techniques for Uncertainty

• Vector fields with errors

[Otto10]

[Bhatia12] [Szymczak13]
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Contributions

• A non-local characterization of mandatory critical points;

• A combinatorial algorithm for their extraction;

• A tree representation capturing their global relation;

• A mandatory critical point pair simplification scheme.
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Data Representation

• Triangulated domain:

• Uncertain Scalar Field 

•Random Variable

•Compact support

• Realization Field
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Critical Points of a Realization

• Sub-level set:
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Critical Points of a Realization

• Sub-level set:

Nested!
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Critical Points of a Realization

• Join tree
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Critical Points of a Realization

• Join tree

•1-dimensional simplicial complex

•Retraction of sub-level set components
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Mandatory Critical Points: Intuition

• Key intuition:
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Mandatory Minimum: Intuition
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Mandatory Minimum: Definition

• A Mandatory Minimum 
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Mandatory Minimum Extraction Algorithm
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Mandatory Join Saddle: Definition

• A Mandatory Minimum 

•Minimal connected component

•Minimal interval

•Such that there exists for any     at least one join saddle

•

•
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Mandatory Join Saddle: Intuition
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Mandatory Join Saddle: Intuition
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Mandatory Join Saddle: Critical Component
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Mandatory Join Saddle: Critical Component
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Uncertainty Visualization

• Leverage new visualization capabilities
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Uncertainty Visualization

• Leverage new visualization capabilities

•Positional extent of critical points

•Value extent of critical points

•Structural representation

•Multi-scale exploration 
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Critical Components
Minima

Join-saddles

Split-saddles

Maxima
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Experimental Verification

• 5000 random realization fields for each data-set 

• Mandatory critical point verification

•At least one critical point? 

•In the predicted component ok! 

•In the predicted interval ok!

• Mandatory join tree verification

•Given a triplet 

•Predicted triplet                        ? ok!
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Empirical Convergence
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Empirical Convergence
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Empirical Convergence
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Experiments: Martian Elevation Map

• Elevation error:

•  40m (1%) 

• Positional uncertainty

•Craters

•Rims
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Experiments: Heated Cylinder
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Experiments: Sea Surface Height
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Time Performance

• Time complexity

•
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Limitations

• Key assumption

•Compact support with reliable estimation

• Time complexity

• Probable critical points?

• Volumetric data?
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Perspectives
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Conclusion

• Overview of Topological Data Analysis for Visualization

•Critical Points

•Persistence

•Structural representations

• Extension to the uncertain setting

• Perspectives: inSitu, multi-variate, vectors and tensors
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Questions?

• Thanks!
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