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What is Topological Data Analysis?

e Context
o Data
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e Context
o Data
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e Swiss-army knife for feature extraction
o Points, curves, surfaces, volumes, ..
o Robustness
o Multi-scale nature
o From raw data to features of interest
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Critical point extraction

e Local link inspection
o Banchoff 1970
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e Topological abstractions
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Number of Pairs

5.5

4.5+

3.5

?)

g
(e}
1

N
1

Persistence Curve

I— Number Of Palrs (minimum-saddie pairs)

T
0.1

T T T T T T T T
02 05 i
Persistence



2. 2| ® 9 Google Calendar - Week of Feb 1

Live demo

& Dolphin

Kate. 5 states

I

Fle Edit View Sources Fiters Tools Catalyst

w8 na ? @

Fipeline Browser

paraview - Konsole

£ TTK 0.9 - ParaView 5.2.0

Macros  Help
M 4> PP Tmeo

Layout #1 +

§ builtin A s®m W vorticity m =
® [] BuiltinExample..vti
© | O Transform1
o ComputeDerivativesl
o CellDatatoPointDatal
o Calculatorl
o TTKScalarfeldNormalizerl
o Tetrahedralizel
° i TTKPersistenceDiagraml
o PersistencePairs
o PersistenceThreshold)|
o # TTKSpherefromPointl
o @ TTKopologicalSimplificationl
o B ExtractSurf =
Properties  nformation
Proparties @
— @
= Properties (PersistenceThr & s e« .
Scalars g persistence = ’
Minimum 0.02
% All scalars
Use Continuous Cell Range .
~ Display LY < ‘
= View (Render View) (Y £ .
Axes Grid Edit
Orientation Axes ’
Orientation Axes Visibility
Orientation Axes Interactivity Q
@ Orientation Axes Label Color -
Orlentation Axes Outline Color v .
Lights P
Edit
Hidden Line Removal .
Camera Parallel Projection
ko ]
Single color - .
Color ¥ Restore Default

TIK 0.9 - ParaView 5.2.0

BEQ98vrT9 @

a

°w

3DWarp

.
2
v
H
£

DeathD5-

Birth
04 06
T
| &

04
Birth

-

10:56 A
XX
[ ] 3

Is @l pals)



Persistence diagrams/curves

5.5

e Arbitrary dimension &
o Boundary matrix reduction 4'j:
o Edelsbrunner et al. 2002 i

e Low-dimensions Ezs
o Union-Find data structures 5

m Min-saddle pairs

m Saddle-max pairs 5.

m Gueunet et al. 2017
o Saddle connectors
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Persistence simplification

e Simplify the data
o Retain only persistent features

e Algorithms
o Edelsbrunner et al. 2006, Attali et
al. 2009, Tierny and Pascucci 2012,

Bauer et al. 2012, Lukasczyk et al,
2020
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[common] | | | |
[Common] -1
[common]

[Common] welcome!
[ImplicitTriangulation] The getvertex*() requests are accelerated.
[ttkPersistenceDiagram] Starting computation on field "Scalars_'...

[FTM] number of threads : 8

* debug 1lvl : 3

* tree type : Join + Split

[FT™] alloc in 0.527132
[FTM] dinit in 0.161422
[FTM] sort step in ©.786556
[FTM] leafsearch JT in 1.80665

[FTM] leafGrowth JT in 0.72873

[FTM] trunk JT in 0.384582
[FTM] leafsearch ST in  1.80912
[FTM] leafGrowth ST in  1.26184
[FTM] trunk ST in 0.447527
[FTM] merge trees in 6.44016
[FTM] build tree in 6.44024
[FTM] Total in 7.3883

[ttkPersistenceDiagram] Memory usage: 457.211 MB.

[ImplicitTriangulation] The getVertex*() requests are accelerated.
[Topologicalsimplification] Scalar field simplified in 23.9899 s. (8 threads(s)
1ite.).

[ttkTopologicalSimplification] Memory usage: 32.801 MB.
[ImplicitTriangulation] The getvertex*() requests are accelerated.

Launch on field : Scalars_

[FTM] number of threads : 8

[FTM] Total in 3.00042

[ttkFTMTree] Memory usage: 435.532 MB.

[oneskeleton] Edge-list built in ©.134755 s. (1517492 edges, 1 thread(s)).
[zeroskeleton] One-skeleton built in ©.304325 s. (8 thread(s)).
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5.4.0/VTK/I0/NetCDF/VEKNetCOFReader . cxx, line 795 . e
vtkNetCDFCFReader (8x34472ce): variable crs dimensions () are different than the s
other variable dimensions (lat lon) Skipping o Pers nceThreshold
[ttkpersistenceniagran] Starting computation on field 'adt' o glealSimpiification1
{oneskeleton] Edge-list built in 6.220863 s. (3109679 edges, 1 thread(s)). ° B Extractsu
{Zeroskeleton] One-skeleton built in 0.5631 s. (24 thread(s))
[zeroskeleton] Vertex stars built in ©.148084 s. (1 thread(s)) o
[oneskeleton] Edge stars built in ©.398689 s. (3109670 edges, 24 thread(s)) o TTKsphereFromPoint1
[FTH] nuaber of threads : 24 o Threshold1
* debug vl : 3 e
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eeooon o
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leafsearch JT in  0.613622
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ite
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aunch on field : adr = e % Delete
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[Zeroskeleton] Vertex stars built in 8.68403786 s. (1 thread(s))
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[ttkScalarFieldCriticalPoints] Starting computation on field ‘adt'... p
zeroskeleton] One-skeleton built in ©.8122471 s. (24 thread(s)) Thread Number 1
{ScalarFieldcriticalPoints] ainina
Debug Level 3
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[ScalarFieldCriticalPoint ddle(s)
{ScalarfieldCriticalPoints] @ multi-saddle(s)
[ScalarFieldcriticalPoints] 677 maxima
[ScalarFieldCriticalPoints] Data-set (55488 vertices) processed in 0.6210051 s
24 thread(s))
[ttkscalarFieldcriticalPoints
[oneskeleton] Edge-1ist built
[zeroskeleton] one-skeleton built in @
[DistanceField] Data-set (55488 poin
[ttkpistancerield] Memory usage
[ttkcomponentSize] Connected component sizes computed in ©.9581641 s

Memory usage: 8 MB
in 6.017632 5. (146821 edges, 1 thread(s))
481 s. (24 thread(s))
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[ttkConponentsize] Nemory usage: 6 MB
[ttkPointDataconverte; ge: @ e
[ttkIdentifierrandomiz p vertex field "NewId'
[ttkIdentifierRandomizer] Memory usage: © MB.
[ttksphereFromPoint] Spheres computed in ©.12869 s
[ttkSphereFromPoint] Memory usage: 3,75698 NB
[oneskeleton] Edge-list built in 8.225342 5. (3109679 edges, 1 thread(s))
[Zeroskeleton] One-skeleton built in ©.566728 s. (24 thread(s))
{zeroskeleton] Vertex stars built in 9.233113 s. (1 thread(s))
[oneskeleton] Edge stars built in ©.514481 s. (3109670 edges, 24 thread(s))

nuaber of threads

[FTH]
* debug vl : 3
* tree type : Join + Split
[FTH] alloc in
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[ttkPersistencecurve] Memory usage: 149.362 B
[ttksphereFrompoint] Spheres computed in ©.544524 s

[ttksphereFromPoint] Memory usage: 22,8965 NB
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ortex extraction




Vortex trajectory analysis




Vortex tracking




Reeb graphs

e Vertex based contouring
o Shinagawa and Kunii 1991
e Quantized range contouring
o Biasotti et al. 2000, Hilaga et al. 2001,
Wood et al. 2004
e Critical contouring
o Patane et al. 2008, Tierny et al. 2009,
Doraiswamy and Natarajan 2013, Hajij
and Rosen 2018
e Dynamic connectivity
o Cole-MclLaughlin et al. 2003, Pascucci
et al. 2007, Doraiswamy and Natarajan
2009, Parsa 2013, Gueunet et al. 2019




Discrete Morse Theory
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o Integration equivalence
o Challenging PL computation
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Discrete Morse Theory

e Morse-Smale complex
o Integration equivalence
o Challenging PL computation

e Discrete Morse theory
o Forman 1998
o Algorithms
o Gyulassy 2008, Robins 2011,
Shivashankar and Natarajan 2012,
Tierny et al. 2017
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[ttkPersistencepiagras] Starting computation on field “originalbata’ y 20
[oneskeleton] Edge-list built in ©.00518216 s. (91143 edges, 1 threa L4 W AppendDatasets
[Zeroskeleton] One-skeleton built in 0.612167 s. (24 thread(s)). > L @ Thresnold3
{zeroskeleton] Vertex stars built in 6.68362587 5. (1 thread(s)). :
[oneskeleton] Edge stars built in ©.0113261 s. (91143 edges, 24 thread(s)) o OB ExtractSurface2 310
B T Death
[FTH] nuaber eriraaig g e
* debug ° @ TTKTopologicalsimplification cE)
tree ‘“ff_ or e L ey
FTH] alloc in 0.90216508 o "W PersistenceThreshold
FTM] init in 6.0160282 290
FTM] sort step in 6.024220 o ¥ TiKTopologicaisimplification
FTH] leafSearch JT in  0.60215888 DI I v
FTM] leafGrowth JT in  ©.0260498 e
FTH] trunk JT in 000126505 Properties Information e
FTM] leafSearch ST in  ©.00151181
FTM] leafGrouth ST in  6.836572 ox
FTM] trunk ST in 0.000168085 Properies 270
FTM] merge trees in  0.0724711
Fiu] build tree in 6.072515 *® peiete 2
FTM] Total din 0.113837 = 260
ttkPersistencepiagram] Memory usage: 418.987 MB.
Oneskeleton] Edge-list built in 6.00527561 s. (01143 edges, 1 thread(s)). 2 Escto de #*
Zeroskeleton] One-skeleton built in ©.612229 s. (24 thread( A S T T RS TR S T
Topolopicalsimplification] scalar field siaplified in 0.6826628 5. (24 chronds(l [ poportes porstiencen 6] [ [9 2 2 2 2 .
[ttkTopologicalsinplification] Memory usage: © Ma. e
[oneskeleton] Edge-list built in 6.00595304 s. (01143 edges, 1 thread(s)). W persistence v 4 - I % &
[zeroskeleton] Vertex stars built in 8.80354094 s. (1 thread(s)). oA s I ! A a RenderViews M = % s 3 8. A B Rendervien2:: (il (8
oneskeleton] Edge stars built in 0.0171881 s. (91143 edges, 24 thread(s))
Zzeroskeleton] One-skeleton built in ©.806634 5. (24 thread(s)). Minimum 85
zeroskeleton] Vertex edges built in 5.60648499 5. (1 thread(s)). Q
Threeskeleton] Cell edges built in ©.80861311 s. (24 thread(s)). Maximum 102.106426713382
Tuoskeleton] Cell neighbors (86516 cells) computed in ©.6189698 5. (24 thread(s)
| A Scalars
[Etkmo lecomplex] Launching n fie
[Discratooradiont] batacsst: (30928, poines) procassad fin 66143672 - (24 shroad(§ Use Continuous Cell Range
e e Sl ol
[scalarFieldCriticalpoints] 240 minina.
[ScalarFieldCriticalPoints] 386 saddle(s). Sl
[ScalarFieldCriticalPoints] 2 multi-saddle(s). = Viaw (Randar View), B RO
[ScalarFieldCriticalPoints] 150 maxina.
{ScalarFieldCriticalPoints] Data-set (38628 vertices) processed in 6.6169670 s. ( AnsGrd e
24 thread(s)). s
[DiscreteGradient] 246 o-cell(s) and 235 interior PL.
[Discretecradient] 3012 1-cell(s) and 375 interdor PL. Center Axes Visibilty.
[piscretecradient] 2773 2-cell(s) and 147 interdor PL.
[Discretecradient] Initialization step : 0.6107551 5. (Crisnitation e
[DiscreteGradient] Ordering of the vpaths :  0.88130495 s.
[DiscreteGradient] Processing of the vpaths : 0.68399106 s. Drientation Axes visbity
[DiscreteGradient] Gradient reversal step :  0.68027805 s. . :
[DiscreteGradient] Saddle-Maximum pairs sinplified in 0.6228741 s, 24 thread(s). Orientation Axes Interactily
{DiscreteGradient] Initialization step : 0.01052 s,
[Discretesradient] Ordering of the vpaths :  1.69673e-85 s @ Orientation Axes Label Color v
[DiscreteGradient] Processing of the vpaths : 1.26746e-65 s.
[DiscreteGradient] Gradient reversal step :  5.88679e-86 s. ® Orientation Axes Outine Color S
[DiscreteGradient] Saddle-Maxinum pairs sinplified in 0.616037 s, 24 thread(s).
[DiscreteGradient] 248 0-cell(s). T
[DiscreteGradient] 386 1-cell(s). ‘9
[DiscreteGradient] 147 2-cell(s).
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What about point cloud data?

e Chazal et al. 2013
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Pipeline Browser o x Layout #1 &
i B builtin: Input high dimensional point cloud (11 = ERY " xH o i ing (cell color, ground truth: point color) =
[DimensionReduction] Loading Python script from: /usr/local/share/scripts/ttk [ karhunenLoveDigits64Dimensions.csv
3}':;:218223::232:} 35233 :5’;‘;; :ﬁé‘ﬁii ;mg - TTKDimensionReductiont Showing karhunenLoveDigitsé4Dimensions.csv v Attribute: RowData v Precision: 6 { SO IRESE Y
DimensionReduction] Python: sklearn module found. W TableToPoints1 ) - o s 2
DimensionReduction] t-SNE computed in 41,1361 5. RowID Field0 Field1 Field10  Field11  Field12 Field13  Field14  Field15 Field16  Fir
ttkDimensionReduction] Memory usage: 83.3918 MB. [+ GaussianResampling1
ttkPersistenceDiagran] Starting computation on field “SplatterValues'  siicet (I 0 10297 350308 -0.0640736 0.9833 -0.402021 26
OneSkeleton] Edge-1ist built in 0.0097909 s. (105585 edges, 1 thread(s)). =
ZeroSkeleton] One-skeleton built in 6.626735 s. (24 thread(s)). [+ TTKPersistenceDiagram?1 ; Shemn g 2551 3546 272 014567 1.07
ZeroSkelaton] Vertex stars built in 0.08900412 s. (1 thread(s)). S 1 g ZHEA i foE 2 L g a 0
Dneskele(on] Edge stars built in 0.0302842 s. (195585 edges, 24 thread(s)) [+ Threshold1 = z = =
| ¢ TrkTopologicalsimplification % M 0 41534 473283 237187 -0.791784 2.60¢
m nusber of threads : 24 =
ETH] * dabug 2l ¢ i3 Mol 3 0 115331 130655 348947
ETH] 7 tree type, : Jotn  Splic W ExtractSurface3
FTH] alloc in 0.60453615 -8 TTKSphereFromPoint2 4 |4 106645 -0.949622 -14932  -1.32539 1.72949
ETM] init in 0.8481091 L@ Tubes
FTM] sort step in 0.8171759 5 |s 0 343762 278393 471745 53817
eafSearch in 0.60421695 [+ diagonal
[FTH] leafGrowth JT in  0.66393165 6 180014 0.0350819 273174
[FTH] trunk J 0.600827074 W Extractsurface2 6
. 4 4
(e doatorgmh ST an @lgiczzts  Tube2 ; o s e e e e | e
[FTM] merge trees in  ©.820278 {8 Threshold3
{FTH] build tree in 0.620396 L s |8 0 1131412 0553618 0.204338 48
[FTH] Total 3aaRTA Irmopologwcalgmphﬁcauom
{ttkPersistenceDiagran] Memory usage: B. © L TTKSphereFromPoint1 5B o 03319/ \0.950181 227945 i
{OneSkeleton] Edge-14st built in @, 6052387 2. (195585 edges, 1 thread(s)). 2 bt z
[ZeroSkeleton] One-skeleton built in 0.8920211 s. (24 thread(s)). 3 TTKTopologicalSimplification1 v ; R . . S "
[Tuunloglcalswhficatmn] Scalar field simplified in 0.8410411 s. (24 threads( 10 0 o 9.98093 -4.04965 -3.03024 44
s), e.).
ttkTopalngicalemplxrlcatmn] Memory usage: © MB. Froperties | OutputMessages Information n |n 0 109697 0553075 -4.03798  2.0684 3.8¢
ZeroSkeleton] Vertex stars built in 0.80873268 s. (1 thread(s)). =
Onaskelaton] Edge stars built in 9.020278 s. (195565 edges, 24 thread(s)) Properties coal 0 S o1a1 Loseaea i 25030 :
ZeroSkeleton] Vertex edges built in 6.6117331 s. (1 thread(s)). £ AR St < 7
ThreeSkeleton] Cell edges built in 0.6123329 s. (24 thread(s)). =) ° * > _ . e D . N
TwoSkeleton] Cell neighbors (138050 cells) cowputed in 0.616376 5. (24 thread(s ? 13 |13 0 0515757 150764  -0.0228414 -1.55912 178995  0.0¢
-
tEkMor: plex] Launching on field ‘SplatterValues'... et F O PREY 0 411141 265117 -1.00536  1.82424 27214 0208347 151755 06
DiscreteGradient] Data-set: 65536 v., 195585 e., 13050 t. &
DiscreteGradient] Processed in 0.6142241 5. (24 thread(s)). — 7
DiscreteGradient] Data-set (65536 points) post-processed in 0.68419998 s. (24 t| W/ Field 17 >
read(s)). . " - N
‘MorseSmaleComplex2D] Discrete gramen( overall computed in 0.9185299 s. V) Field 18 LY L] A - « S * Persistence diagram (projection density) W =
ScalarFieldCriticalPoints] 1 m
ScalarFieldoriticalpoints] 10 saddle(
T O same(s) Output pptons
ScalarFieldCriticalPoints] 10 Method (T 5 00
ScalarFieldCriticalPoints] Dhraati (65536 vertices) processed in 0.6124412 s, t-distributed Stochastic Neighbor Embed
Reithne(s ) Components | Spectral Embeddin
Discrete6radient] 1 8-cell(s) and © interior PL. P P ] 55
DiscreteGradient] 112 1-cell(s) and 9 interior PL,
DiscreteGradient] 112 2-cell(s) and @ interior PL. Neighbors LocellyiCea Bybedalig
DiscreteGradient] Initialization step : 0.60854087 . Multi-Dimensional Scaling 50
DiscreteGradient] Ordering of the vpaths :  6.38962e-05 5. T s = )
DiscreteGradient] Processing of the vpath ©.860272636 . ¥ Keep AllT Neighbor N
DiscreteGradient] Gradient reversal st isomap Erbeddin r3
DiscreteGradient] Saddle-Maximum pairs simph\‘lso m 0 exssm s, 24 thread(s).| t-distributed P '9
DiscreteGradient] Initialization step : 0.60835896 . 5 Principal Component Analysis
DiscreteGradient] Ordering of the vpaths : 2.86102e-66 . Perplexity 30 O
DiscreteGradient] Processing of the vpaths : 1.69277e-65 s.
DiscreteGradient] Gradient reversal step :  3.89944e-06 s. Early
DiscreteGradient] Saddle-Maximum pairs simplified in 0.0121448 s, 24 thread(s). . 12 ®
DiscreteGradient] Gradient reversed in 0.028645 s. (24 thread(s)) . Exaggeration
MorseSnaleConplex2D] Descending i-separatrices computed in 0.06441289 s, Learning Death
¥orsesmaleConplex2D] Ascending 1-separatrices computed in .00299788 s. R 200 ot
MorseSaleConplex2D] Segmentation computed in ©.0483601 S
DiscreteGradient] 1 9-cell(s). Iteration 2
DiscreteGradient] 10 1- ceu(s) Threshold 1000 =
DiscreteGradient] 10 2-cell(s)
NorseSnaleConplex2D] Data-set (65536 points) processed in ©,122486 s. (24 threaj Iteration o
(s)) Without
ttkMorseSmaleComplex] Memory usage: 13.9414 ke 300
{OneSkeleton] Edge-1ist built in 6.8009488 s. (14355 sdges, 1 thread(s)). 9! s
ZeroSkeleton] One-skeleton built in 0.66251389 s. (24 thread(s)). Threshold
ScalarFieldSmoother] Data-set (14376 points) smoothed in 6.0438961 s. (24 threal Gragient
(5)) 1e-07 0
GeometrySmoother] Memory usage: 0.470703 MB. Threshold
ttkIdentifierRandonizer] Shuffiing vertex field ‘Ascendinganifold'.. Metric
ttkIdentifierRandomizer] Memory usage: 8 MB. euclidean 5
ttke
10 random
o
Live demo e . B S
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5 Bt
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n TTK 0.9.7 - ParaView 5.5.2 64-bit v &%
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EEL e P BBO o @ A>T Tmeo B8V "0@
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Pipeline Browser o x Layout #1 +

builtin: »n B OON AE e "N A 9 A RenderView2 ® = ERLY B mER ER . B A AR RenderViews (m =

I pointCloud.csv

[N I TTKDimensionReductiont
T ;

Common] Welcome! )Tab!etoponnsz

DimensionReduction] Loading Python script from: /usr/local/share/scripts/ttk [+ GaussianResampling2
DimensionReduction] Python: numpy module found. ‘isncu
DimensionReduction] Python: scipy module found.

DimensionReduction] Python: sklearn module found. (-8 TTKPersistenceDiagram?
] Memory usage: 133.514 MB. B Threshold
ttkDimensionReduction] Memory usage: 133,514 MB., reshold1
ctkPorststancaiagram] Starting compukation poicisTd “Splattanialiaat:. @ PersistenceThreshold
OneSkeleton] Edge-1ist built in 0.00146794 s. (24193 edges, 1 thread(s)). p

ZeroSkeleton] One-skeleton built in 0. aezsneA 5. (24 thre: a( )). ¥ TTKTopologicalSimplificatic
ZeroSkeleton] Vertex stars built in 0.869777686 s. (1 thread(s)). £

OneSkeleton] Edge stars butlt in 900676409 . (24193 edges, 24 thread(s)) i T npoksElnpiEai
FTH] - 0 TTKSphereFromPoint2

I e o -

FTM] * debug vl o 8 TableToPoints1
FTM] * tree type : Joln + Split o 8 GaussianResampling1
°

£TM] alloc in 0.600705841 W outlinet
FTH] init in 0.048341 £+ TTKTopologicalSimplificationt
FTH] sort step in ©.6188899 n
FTM] leafSearch JT in  ©.860741665 ?WKMUMSW!KGNP'E“
FTH] leafGrowth JT in  0.800738859 i
FTM] trunk JT in 0.600336885 A critical Points
FTM] leafSearch ST in  0.866767865 8 TTKSphereFromPoint1
FTH] leafGrowth ST in 0.000555992 2

] trunk ST in ©.600208139 W 1-separatrices
FTM] merge trees in  0.88502184 T Threshold2
FTM] build tree in 0.60507 n
FTM] Total in 6.673338 W Threshold3 3

ttkPersistenceDiagran] Memory usage: 360.087 5
OneSkeleton] Edge-1ist built in 0.09313306 s. (24193 sdges, 1 Ehread(s)).

ZeroSkeleton] One-skeleton built in 6.60525984 s. (24 thread
TopologicalSimplification] Scalar field simplified in 0. 61265 3. (24 threads(s), | OutputMessag.. Informati...
ite.).

ttkTopologicalSimplification] Memory usage: B MB. Eropertics o x
Zeroskeleton] Vertex stars built in 0.80109911 s. (1 thread(s)). &

Oneskeleton] Edge stars built in 0,00570893 5. (24193 edges, 24 thread(s))
ZeroSkeleton] Vertex edges built in 0.66228 s. (1 thread(s)).
ThreeSkeleton] Cell edges built in ©.88321607 s. (24 thread(s)).
Twoskelaton] Cell neighbors (16662 cells) cosputed in 00836086 s. (24 thread(s) 2

% 0 B NON &R e « woa A & RenderView3 ® 3

ttkorseSnaleConplex] Launehing conputation on fleld Splattervalues'...
DiscreteGradient] Data-set: 8102 v., 24103 e,, 1602 t. =
DiscreteGradient] Processed in 0.80856996 s. (24 thread(s)). Properties (TTKDimensionRe &
DiscreteGradient] Data-set (8192 points) post-processed in 0.66413108 s. (24 thre
d(s)). Input options
MorseSmaleComplex2D] Discrete gradient overall computed in 0.812794 s.
ScalarFleldCriticalPoints] 1 minina.
ScalarfieldCriticalPoints] 7 saddle(s). B input Coimns
ScalarFieldCriticalPoints] @ multi-saddle(s).
ScalarFieldCriticalPoints] 7 maxima.
ScalarFieldCriticalPoints] Data-set (8192 vertices) processed in 0.00769401 s, (2
thread(s)) .
DiscreteGradient] 1 @-cell(s) and @ interior PL.
DiscreteGradient] 180 1-cell(s) and 6 interior PL. ¥ Points:1
DiscreteGradient] 180 2-cell(s) and @ interior PL.
DiscreteGradient] Initialization step : 0.86688601 s. ¥ Points:2
DiscreteGradient] Ordering of the vpaths :  0.666118017 s.
pigctstratanc] provsssinglofiche sty Relmsiet
DiscreteGradient] Gradient reversal st
DiscreteGradient] Saddle-Maxinun pairs snnpurm i mmn s, 24 thread(s). | output options
DiscreteGradient] Initialization step : 82829
DiscreteGradiont] Ordering of the vpaths :  1.097350-08's. Method T -
DiscreteGradient] Processing of the vpaths : 7.15266e-66 s. Mo mereibaalsoalog
DiscreteGradient] Gradient reversal step : 9944266 5 :
DiscreteGradient] Saddle-Maximum pairs smpumn in 0.6104551 s, 24 thread(s). | COMPoents Spectral Embedding
DiscreteGradient] Gradient reversed in 8.0284312 s. (24 thread(s)). Locally Linear Embedding
MorseSnaleConplex2D] Descending 1-separatrices computed in 0.8420994 s. Neighbors
MorseSmaleComplex2D] Ascending 1-separatrices computed in ©.00365501 s. Multi-Dimensional Scaling
MorseSnaleConplex2D] Segmentation computed in ©.613487 s. -
Discretegradiont] 1]9.5511(5,‘ V| Keep All| tistributed Stochastic Neighbor Embedding
e ) 4
DiscrateGradient] 7 2-c Multi-Dimen: [50™ap Embedding
Horsssantacomples?D] Data-sat (8192 points) processed in 8.6714762 5. (24 thread( ¥ st Principal Component Analysis
etric
ttkMorseSnaleConplex] Memory usage: 1.84668 MB., o
ttkSphereFromPoint] Spheres computed in . 90451993 8, F“_‘"‘ erol
ttkSphereFronPoint] Memory usage: ©.156391 init runs
OneSkoTetany. Edge-11st bUALE In-5,00004305L 5. (820 edges, LG o
ZeroSkeleton] One-skeleton built in 6,888349998 s. (24 thread(s)
ScalarFieldSmoother] Data-set (832 points) smoothed in 0.488252 s, (24 thread(s))| Threshold
i v
[ttkGeometrySoother] Menory usage: O M. e 7
[ttkSphereEronPoint] Spheres computed in 0.136478 s.
[ttkSphereFronPoint] Memory usage: 22.3389 MB. P
i

Elevation

¥ Points:0
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5 1 FAR=¥s .

ttkTopologicalSinplification] Memory usage: © MB.
TmplicitTriangulation] The getVertex*() requests are accelerated.
ttkMorseSmaleComplex] Launching computation on field 'SplatterValues'...
DiscreteGradient] Data-set: 524288 V., 3588607 e., 6088698 t., 3024378 T.
DiscreteGradient] Processed in 0.359277 s. (24 thread(s)).

DiscreteGradient] Data-set (524288 points) post-processed in 0.618482 s. (24 thre

d(s)).
[DiscreteGradient] Data-set (524288 points) post-processed in .809758 5. (24 threl
ad(s)).

¥orseSnaleConplexaD] Discrete gradient overall computed in 9388059 s.
ScalarFieldCrit: minina.

ScalarFieldCriticalPoints] 1284 1-saddle(s).

ScalarFieldCriticalPoints] 1026 2-saddle(s).

ScalarFieldCriticalPoints] 50 multi-saddle(s).

ScalarFieldCriticalPoints] 629 maxina.

ScalarFieldCriticalPoints] Data-set (524288 vertices) processed in 0.65005 s. (24
thread(s)).

DiscreteGradient] 56 8-cell(s) and 55 interior PL.

DiscreteGradient] 1854 1-cell(s) and 1245 interior PL.

DiscreteGradient] 3555 2-cell(s) and 1874 interior PL.

DiscreteGradient] 1756 3-cell(s) and 629 interior PL.

a

DiscreteGradient] Initialization step : 0.6202501 5.
DiscreteGradient] Ordering of the vpaths : 0.0680731945 s.
DiscreteGradient] Processing of the vpaths : 0.8678969 s.
DiscreteGradient] Gradient reversal step :  5.19753e-85

-65 s,

DiscreteGradient] Saddle-Maximum pairs simplified in 0.8724602 s, 24 thread(s).

DiscreteGradient] Initialization step : ©.283536 5.

DiscreteGradient] Ordering of the vpaths : 0.600257969 s.

DiscreteGradient] Processing of the vpaths : 0.255052 s.

DiscreteGradient] Saddle-Saddle pairs simplified in 8.568815 s, 24 thread(s).
6 s.

DiscreteGradient] Initialization step : 0.63973

DiscreteGradient] Ordering of the vpaths :  2.06272e-85 s.
DiscreteGradient] Processing of the vpaths : 0.82931 s.

DiscreteGradient] Saddle-Saddle pairs simplified in 0.0978661 s, 24 thread(s).
DiscreteGradient] Initialization step : 0.0624981 s,

DiscreteGradient] Ordering of the vpaths :  0.866952065 s.
DiscreteGradient] Processing of the vpaths : 0.06381112 s

DiscreteGradient] Gradient reversal step : 0. 0!

6620504 5.
DiscreteGradient] Saddle-Maximum pairs simplified in 0.8755041 s, 24 thread(s).
DiscreteGradient] Initialization step : 0.297937 s.

DiscreteGradient] Ordering of the vpaths :  5.292890-85 s,

DiscreteGradient] Processing of the vpaths 0.872561 s.

DiscreteGradient] Saddle-Saddle pairs simplified in 0.398906 s, 24 thread(s).
DiscreteGradient] Initialization step : 0.8567609 5.

DiscreteGradient] Ordering of the vpaths : 1.3113e-65 s.

DiscreteGradient] Processing of the vpaths : 0.826727 s.

DiscreteGradient] Saddle-Saddle pairs simplified in 0.113457 s, 24 thread(s).

nusber of threads : 24

* debug vl : 3

* tree type : Contour
alloc in 0.038821
init in 0.0755661
sort step in ©.023258

leafSearch JT in  0.812686

leafGrowth JT in  ©.411031

trunk JT in 6.80200701
0.6126278

leafSearch ST in

leafGrowth ST in  ©.80806693
trunk ST in 0.80227094
merge trees in 0.450824
combine full in 0.6143611
build tree in 0.465256
Total in 0.564171

§333333333333333333

i step 0.217854 s,
DiscreteGradient] Ordering of the vpaths :  ©.808804961 s.
DiscreteGradient] Processing of the vpaths : 1.73784 s.

DiscreteGradient] Saddle-Saddle pairs simplified in 1.98662 s, 24 thread(s).
DiscreteGradient] Initialization step : 0.8448511 s.

DiscreteGradient] Ordering of the vpaths :  ©.000411034 s.
DiscreteGradient] Processing of the vpaths : 0.0243599 s.

DiscreteGradient] Saddle-Saddle pairs simplified in 9.092857 s, 24 thread(s).
DiscreteGradient] Gradient reversed in 4.0684 s, (24 thread(s)).

¥or 1-separatrices computed in 0835454 s.
¥orseSnaleConplex3D] Ascending 1-separatrices computed in 8.0279231 s.
MorseSmaleConplex3D] Saddle connectors computed in ©.753166 s.

¥or Ascending 2-separatrices computed in 68,2016 s.
ForseSnaleConplex3D] Segwentation computed in ©.679845 s.

DiscreteGradient] 56 0-cell(s).

DiscreteGradient] 696 1-cell(s).

DiscreteGradient] 1270 2-cell(s).

DiscreteGradient] 629 3-cell(s).

WorseSaleConplexdD] Data-set (524288 points) processed in 7.18692 s. (24 thread(

).

ttkMorseSnaleComplex] Memory usage: 52.7666 MB.

ttkSphereFronPoint] Spheres computed in ©.318438 s.

ttkSphereFronPoint] Memory usage: 42.4862 MB.

OneSkeleton] Edge-1ist built in 0.005810698 s. (80953 edges, 1 thread(s)).
ZeroSkeleton] One-skelston built in 0.613974 5. (24 thread(s)).
ScalarFieldSmoother] Data-set (86266 points) smoothed in 6.102752 s. (24 thread(s

)-
ttkGeometrySmoother] Memory usage: O MB.

[OneSkeleton] Edge-list built in 8.817684 s. (220056 edges, 1 thread(s)).
ZeroSkeleton] One-skeleton built in 0.6326891 s. (24 thread(s)).
ScalarFieldSmoother] Data-set (73228 points) smoothed in ©.114568 s. (24 thread(s]

'
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|T pointCloud.csv
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8 Threshold1
1 PersistenceThreshold
# TTKTopologicalsimplification1
 TTKTopologicalSimplification1
8 TTKTopologicalSimplification1
W TTKMorsesmaleComplexi
I Critical Points
8 TTKSphereFromPoint1
M 1-Separatrices.
8 Threshold2
3 TTKGeometrysmoother1
* ExtractSurfacel
j Tube1
1 2-separatrices
T Tetrahedralize1

o
o

8 TTKGeometrySmoother2
W Extractsurface2 )
Output Messag...  Informati..  Properti...
Properties o x
?
o cloarteat) *

= Properties( B W O

Input options

Scalar Field e o
Force Input Offset Field

Output options

PL-compliant extrema

<

PL-compliant saddles

Critical Points

v

v

¥ Ascending 1-Separatrices

V' Descending 1-Separatrices

+ Saddle Connectors

¥ Ascending 2-Separatrices
Descending 2-Separatrices

¥ Ascending Segmentation

V' Descending Segmentation

¥ Morse-smale Complex Segmentation

¥ Return Saddle Connectors

Saddle Connectors
Persistence 0.01
Threshold

Testing

Yo
ttkGeometrySmoother] Memory usage: 1.12508 MB.
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The Topology ToolKit (TTK)

e Open-source TDA library
o ~120k lines in C++, BSD license
o Python bindings, binary packages
m Officially integrated in ParaView (5.10)
o http://topology-tool-kit.github.io
o Best paper honorable mention IEEE VIS17

e Structuring research receptacle
o 17 contributing institutions
m 14 universities, 3 companies
o Mini-symposia:
m [EEE VIS18-19-20-21 (2020-1: online)
m Hackathons



http://topology-tool-kit.github.io

Why using TTK?

e What is it good for?
o Low dimensional data
o Continuous scalar fields
o Science & engineering
m Astrophysics, biological imaging,
quantum chemistry, fluid dynamics,
material sciences

e What is it not good for? (yet)
o Vector / tensor data
o High dimensional data




Online resources

e https://topology-tool-kit.github.io/
Installation instructions

Gallery

Data and examples
Video tutorials | .
Documentation

Exercises

Mailing lists

m ttk-users@googlegroups.com

""I'opwglogy T9/iI)IK'it\

O O O O O O O



https://topology-tool-kit.github.io/
mailto:ttk-users@googlegroups.com

Installation

e http://topology-tool-kit.github.io/installation.html

e Easy installation
o Officially integrated in ParaView 5.10
m http://www.paraview.org/download
o Binary packages
m Linux (Ubuntu), MacOS, Windows
o Anaconda package

m conda install -c conda-forge topologytoolkit

ey
II' «) 53871040

e Virtualization images
o Virtualbox & docker

TK in action!

e For the latest features

o Github repository
m https://github.com/topology-tool-kit/ttk



https://topology-tool-kit.github.io/installation.html
http://www.paraview.org/download
https://github.com/topology-tool-kit/ttk

How should |l interact with TTK?

e End users

o Plugins for ParaView lll Para VieW

m De-facto standard in scientific computing
o Light Python API
m Fast scripting

o Inviwo environment P
m https://inviwo.org/

e Developers

o Recommended
m VIK-based APIs: C++ & Python VTK

o Advanced

m Dependency-free plain C++ API



https://inviwo.org/

About ParaView

e Interesting features

o Rich IO support

o Modern rendering

m OpenGL, OSPRay, Optix
o Advanced user interface
o "Visual" programming

m Pipeline philosophy

o Python scripting

1 ParaView [TTK 0.9.9] 5.7.0 <2> @ ®
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https://github.com/topology-tool-kit/ttk/tree/dev/examples

& TTK- the Topology Too!

x

% TTK Examples

C @ topology-tool-kit.github.io/e

N TTKExamples

TTK Examples

1-Manifold Learning
1-Manifold Learning Circles
2-Manifold Learning
Builtin example 1

Builtin example 2
CinemalO

Contour Tree Alignment
CT bones

Dragon

Geometry Approximation
Harmonic Skeleton
Image Processing
Interaction sites

Karhunen-Love Digits 64-
Dimensions

Manifold Check

Merge Tree Clustering

Merge Tree Temporal Reduction
Morse molecule

Morse persistence
Morse-Smale Quadrangulation
Nested Tracking From Overlap
Persistence Clustering 0
Persistence Clustering 1
Persistence Clustering 2
Persistence Clustering 3

Persistence Clustering 4

TTK data & examples

This website hosts a list of data analysis pipelines exemplifying the usage of with
and its Python API pvpython .

This website is targeting novice users who are not power users of but who would like

to get started with topological data analysis with in Python.
Each example includes:

a screenshot (or a tutorial video)
a short description
the command line to reproduce the example with
the corresponding Python code, to:
« load the input data
« execute the analysis pipeline
« store the output to disk (for later analysis or visualization, e.g. with
a description of the inputs and outputs
pointers to the corresponding C++/Python documentation

This documentation assumes a default TTK installation (with the pvpython API support
enabled) and that the repository has been downloaded locally.

If you have any questions regarding these examples, please let us know by sending an email to
the !

Scalar data

Q_ Search

Table of contents
Scalar data

Bivariate scalar data
Uncertain scalar data
Time-varying scalar data
Ensemble scalar data

High-dimensional / point cloud
data

In-situ features

Misc features




IEEE VIS Tutorials 2018-2021

Topological Data Analysis Made
Easy with the Topology Toolkit A
Sequel
9:00am. o 1220pm

L e e
ET A Toohh o St Vebizios 7]

e Overview
o Presentations + hands-on
o ~10 speakers, attendance: ~50
o https://topology-tool-kit.github.io/ieeeVisTutorial.html
o Slides, data, examples, pre-installed virtual machines, more


https://topology-tool-kit.github.io/ieeeVisTutorial.html

e Large-scale data reduction

o Until 2025
o High-Performance TDA

o Statistical framework for ensembles

e We're hiring!
o 41 Ph.D. offers
o 21 Post-docs
o 21 engineers

o Website
o http://erc-tori.github.io/

© TORI-Topolog

€ > C & erctorigithubio

News
TORI's job openings are out! [Feb. 20, 2021]
- TORI's website is online! [Feb. 18, 2021]

TORI develops the next generation data reduction tools based on Topological Data Analysis.
If you need to hande large-scale datasets, focus on the core structural information present in your data
thanks to our algorithms.

[3 TORI researches, designs, implements and distribute new algorithms for the interactive analysis of large
collections of datasets, based on concise structural representations of the data. Our work covers new
methods for the comparison of topological data representations, as well as new approaches for the
computation of these representations at scale.

Checkout our Publications page for more details!

TORI hires!

If you are interested in topological data analysis, visualization and programming, come and work with us. We
have several openings for various seniority levels (engineers, post-docs, Ph.D. students, interns).
Checkout our Jobs page!

™ SORBO o)

Contact: erc.tori.project@gmail.com
Updated on Feb. 25, 2021.



http://erc-tori.github.io/

Take-home messages

e Data on meshes, or meshable data?
o Features of interest?
o Recover ‘structural information

= Topological Data Analysis

m Robust, multiscale
m Successful in applications
m Software available




Thanks!

e Papers, video, code, teaching material, exercise packages, tutorials...
o http://lip6.fr/Julien.Tierny, https://twitter.com/JulienTierny
o http://topology-tool-kit.github.io

e e are hiring!
o 1 Ph.D. student, 1 post-doc, 1 engineer
o http://erc-tori.github.io/

WE WANT YOU!
e Thanks to all my co-authors!

o Roberto Alvarez-Boto, John Bell, Timo Bremer, Bert Buchholz, Joseph Budin, Hamish Carr, Amit Chattopadhyay, Fang Chen, Bruno Conche, Julia Contreras, Joel
Daniels, Mohamed Daoudi, Marcus Day, Julie Delon, Harish Doraiswamy, Florent Dupont, Tiago Etiene, Noura Faraj, Guillaume Favelier, Tarik Filali, Pierre Fortin,
Juliana Freire, Mariem Gargouri, Christoph Garth, Zhao Geng, Brad Grimm, Charles Gueunet, Pierre Guillou, Attila Gyulassy, Hans Hagen, Bernd Hamann, Mike
Kirby, Pavol Klacansky, Scott Klasky, Aaron Knoll, Ernwan Jolivet, Julien Jomier, Ayla Khan, Guillaume Lavoue, Josh Levine, Lauro Lins, Jonas Lukasczyk, Pooran
Memari, Michael Michaux, Gustavo Nonato, Matgorzata Olejniczak, Valerio Pascucci, Philippe Petit, Sujin Philip, Jean-Philip Piquemal, Melanie Plainchault, Norbet
Podhorszki, Mathieu Pont, Daisuke Sakurai, Joseph Salmon, Emanuele Santos, Carlos Scheidegger, Claudio Silva, Eddie Simon, Maxime Soler, Brian Summa,
Roselyne Tchoua, Jean-Marc Thiery, Will Usher, Jean-Philippe Vandeborre, Jules Vidal, Ana Vintescu, Gunther Weber, Qi Wu

e Questions?


http://lip6.fr/Julien.Tierny
https://twitter.com/JulienTierny
http://topology-tool-kit.github.io
http://erc-tori.github.io/

Main publications

J. Tierny, “Topological Data Analysis for Scientific Visualization”, Springer 2018.

V. Pascucci, X. Tricoche, H. Hagen, J. Tierny, “Topological methods in data analysis and visualization, Springer 2010.

Jules Vidal, Joseph Budin, Julien Tierny, “Progressive Wasserstein Barycenters of Persistence Diagrams’, [EEE Trans. On Visualization and Computer Graphics (Proc. of [EEE VIS 2019), Best
paper honorable mention.

M. Soler, M. Petitfrere, G. Darche, M. Plainchault, B. Conche, J. Tierny, "“Ranking Viscous Finger Simulations to an Acquired Ground Truth with Topology-Aware Matchings', IEEE LDAV 2019,
Best paper award.

T. Bridel-Bertomeu, B. Fovet, J. Tierny, F. Vivodtzev, “Topological Analysis of High Velocity Turbulent Flow", Proc. of IEEE LDAV 2019 (shorts).

C. Gueunet, P. Fortin, J. Jomier, J. Tierny, “Task-based Augmented Reeb Graphs with Dynamic ST-Trees', Proc. of EGPGV 2019.

C. Gueunet, P. Fortin, J. Jomier, J. Tierny, “Task-based Augmented Contour Trees with Fibonacci Heaps", IEEE Trans. On Parallel and Distributed Systems, 2019.

G. Favelier, N. Faraj, B. Summa, J. Tierny, ‘Persistence Atlas for Critical Point Variability in Ensembles’, IEEE Trans. On Visualization and Computer Graphics (Proc. of [EEE VIS 2018)

M. Soler, M. Plainchault, B. Conche, J. Tierny, “Lifted Wasserstein Matcher for Fast and Robust Topology Tracking”, Proc. of IEEE LDAV 2018. Best paper honorable mention.

M. Soler, M. Plainchault, B. Conche, J. Tierny, “Topologically Controlled Lossy Compression’, Proc. of IEEE PacificViz 2018.

J. Tierny, G. Favelier, J. Levine, C. Gueunet, M. Michaux, “The Topology ToolKit", IEEE Trans. On Visualization and Computer Graphics (Proc. of IEEE VIS 2017), Best paper honorable mention.
B. Summa, J. Tierny, V. Pascucci, “Visualizing the Uncertainty of Graph-based 2D Segmentation with Min-path Stability", Computer Graphics Forum Journal (Proc. of EuroVis 2017)

C. Gueunet, P. Fortin, J. Jomier, J. Tierny, “Task-based Augmented Merge Trees with Fibonacci Heaps', Proc. of IEEE LDAV 2017

J. Tierny, H. Carr, "Jacobi Fiber Surfaces for Bivariate Reeb Space Computation’, IEEE Trans. On Visualization and Computer Graphics (Proc. of IEEE VIS 2016), Best paper award.

P. Klacansky, J. Tierny, H. Carr, Z. Geng, "Fast and Exact Fiber Surfaces for Tetrahedral Meshes', IEEE Trans. On Visualization and Computer Graphics 2016

C. Gueunet, P. Fortin, J. Jomier, J. Tierny, “Contour Forests: Fast Multi-threaded Augmented Contour Trees ", Proc. of IEEE LDAV 2016

S. Philip, B. Summa, J. Tierny, T. Bremer, V. Pascucci, “Distributed Seams for Gigapixel Panoramas”, IEEE Trans. On Visualization and Computer Graphics 2015

H. Carr, Z. Geng, J. Tierny, A. Chattopadhyay, A. Knoll, “Fiber Surfaces: Generalizing Isosurfaces to Bivariate Data". Computer Graphics Forum Journal (Proc. of EuroVis 2015)

A. Gyulassy, D. Guenther, J. Levine, J. Tierny, V. Pascucci, “Conforming Morse-Smale Complexes’, IEEE Trans. On Visualization and Computer Graphics (Proc. of IEEE VIS 2014)

D. Guenther, R. Alvarez-Boto, J. Contreras, J.P. Piquemal, J. Tierny, “Characterizing Molecular Interactions in Chemical Systems", [EEE Trans. On Visualization and Computer Graphics (Proc. of
IEEE VIS 2014)

D. Guenther, J. Salmon, J. Tierny, “Mandatory Critical Points of 2D Uncertain Scalar Fields", Computer Graphics Forum Journal (Proc. of EuroVis 2014)

J. Tierny and V. Pasucci, “Generalized Topological Simplification of Scalar Fields on Surfaces, IEEE Trans. On Visualization and Computer Graphics (Proc. of IEEE VIS 2012)

T. Etiene, G. Nonato, C. Scheidegger, J. Tierny, T. Peters, V. Pascucci, M. Kirby, C. Silva, “Topology verification for isosurface extraction’, |IEEE Trans. On Visualization and Computer Graphics
2012

J. Tierny, J. Daniels, G. Nonato, V. Pascucci, C. Silva, “Interactive quadrangulation with Reeb atlases and connectivity textures", [IEEE Trans. On Visualization and Computer Graphics 2012

T. Bremer, G. Weber, J. Tierny, V. Pascucci, M. Day, J. Bell, “Interactive exploration and analysis of large scale simulations using topology-based data segmentation’, IEEE Trans. On
Visualization and Computer Graphics 2011

J. Tierny, A. Gyulassy, E. Simon, V. Pascucci, “Loop surgery for volumetric meshes: Reeb graphs reduced to contour trees’, IEEE Trans. On Visualization and Computer Graphics (Proc. of IEEE
VIS 2009)



