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(Topological Structure)2| S|4 = (Statistical Inference)
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2581 =7

This problem can be solved by pre-school children in
five to ten minutes, by programmers in an hour and by
people with higher education... well, check it yourself!
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Millennium Run
10.077.696.000 particles » |

4 .
http://www.mpa-garching.mpg.de/galform/virgo/millennium /poster _half.jpg
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A2 5H 2 = Althst7]:
S O ol 0N Biers LT




A2 2E ol 7 AlLhstol: 9l
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AR25H Qe = Atst7]: fld #=2E St
L= 02 i =0{|A BietEL T

> RE2F 2} (Georges Seurat), 1HE ZE MO URAU 2F (Un
dimanche aprés-midi a I'lle de la Grande Jatte)
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ological Structure)& SAXL =2

0z
-

Z(Top
24

o 2
A g&sta =Yst=Al L70EL T

==
» Topological Data Analysis (Wasserman, 2016)
» An Introduction to Topological Data Analysis: Fundamental and

Practical Aspects for Data Scientists (Chazal, Michel, 2021)
> 49 AUHOR C}3 2SS YZFUCH
» Computational Topology: An Introduction (Edelsbrunner, Harer,

2010)
» Algebraic topology (Hatcher, 2002)
il»_%éukl_l |:|-_

> 119 2t FAH O UHM B2 2olss
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2l 2 (Topological Structure)2| SA|2 = (Statistical Inference)
U= A3 (Density Clustering)

2| B7ZH Metric Spaces), &7l (Covers), Tt 24| (Simplicial
Complex)

Mapper

Reach®} 7|5tat2 27144 (Geometric Reconstruction)

PR IE]

(Intrinsic Dimension) &4
S=22|(homology)2t 19| £

Persistent Homology2} 44 24

et 2tz 24 (Topological Data Analysis)2 7|A&H&0| S8

SIAEIH 242 M2 0[R510{ E4(Feature) OIS 7|
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Mean Shift 2112|222 2|B1ZF9| basins of attractionS
A
27 RRo2 AAL|CH
> xERE(S] 28 A2 (EE7|87| 45 BE) £ AR R R
2N 1,(0) = x 2 L (t) = Vp(mi(t)) & ZELICE
> 2t 34 2[BIZf m;9| basin of attractiong &
A= {x L lim me(t) = mj} 2 Ho|stLct,
t—0o0
> Mean Shift 12|22 2|B12t9| basins of attractions AI2ZEE
LN2|SC 2 AISHH ALt Tt

J

-

True density Basin of Atraction
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Yste SHATEO] [t CH2 20| 42 4 YaLCh

> 24 H(local)0| T AMTH HEE RASIL A28 (52 SHAE)
2t2 3ol B2 20| 4YLICE

> O} (global)0| D ZH2F20l HES DA AOB (4
), 2 720l 22 20| 4ULIck
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= =2 =I5
T8=9 HERAZ LIRS FdgUth: 248 L+
(cluster tree)
> CHE +E9 idE2RE AoR|= 252 Z8 A0 2I5
AoiAzS YEYATE MLICH
> ZoF 2 HERIE LIRZ BE & ASUCE 8 LR (cluster
tree)

19/84



T
oz

Z LIS (Cluster Tree)z 1L E 2 S2| AlS
elL|Ct,
Definition
F0{2l gk po| @R LR (Cluster Tree) T, : R — P(X)= 2f
215
L]

Al2h ADITE SI2f8 213 {x : p(x) > \}Q] HAHLEESO| 20| T,(N)
EZN tHEx= ettt

20/84



e
2z

) LIZ(Cluster Tree)= YT 22| A S
Y LICE
Definition
2017 Y=gt po| F LI2(Cluster Tree) T, : R — P(X)= 2t
215 |
Y

AL ADICE 1208 2B (x: p(x) > O] AAREESO] ZBO| T,())
24 Th2 s ST
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Z LIS (Cluster Tree)z 1L E 2 S2| AlS
olL|ct
Definition
20|13 U4 po| 2 L2 (Cluster Tree) T, : R — P(X)= 2t
s
L

A ADICH S22
SH ThSElE B4

215F {x 1 p(x) > A}l AHEEES0 2/50] T,())
Ct.
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Yingyang data, n = 3200

Mickey mouse data, n = 1200

Ring data, n = 1200

Yingyang data, alpha = 0.05

Mickey mouse data, alpha = 0.05
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12| SZH(Metric Spaces), E7H(Covers), 4| S&A|(Simplicial
Complex)
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eI (graph)= & A| & (vertex) 2t B (edge) 2 O|F 02!
oAt 22 QLT
> 07l He|sZt Xo 24T ¥ c X of chal, J2i(graph)
G = (X,E)= TR (vertex) g X2t H(edge)2| 1T EZ
O|FOIH UM E C {{x,y}Ix,y € X, x# y}E EC]

Graph
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eI (graph)= & A| & (vertex) 2t B (edge) 2 O|F 02!
O AF TR QIL|C}
> 07l He|sZt Xo 24T ¥ c X of chal, J2i(graph)
G = (X,E)= TR (vertex) g X2t H(edge)2| 1T EZ
O|F0H UMM E C {{x, ¥y} x,y e X, x £ y}E ':'"—“°"'—|Ef-

Graph
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CHA| 22 4| (Simplicial complex)= 2}

JefmolLct

> FOI HelsZh X 28 ¥ c X
|

=
(Simplicial complex) K= X2| Rat&et=2l e0|HM LSS
QF=LCh:

aeK, BCa= BeK.
Of @, 2t Tl o] 2L dima = |a| — 12 ZFO|tLC}.

Simplicial complex

o
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HU
e
T
1
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Vietoris-Rips _,Eiﬂ(wetorls Rips complex)= AMZ 7172
DAHSS 20} £2 =ML/

ES—— e
> 02 7‘|E|-'-7 Xo| 23T X X 2 r > 00j| CHsH,
Vietoris-Rips S8 4]|(Vietoris-Rips complex) Rips(X, r)= CHS2t
#0| YolgUC}:

Rips(X,r) = {{x1,...,x} C X : d(x;,x;) < 2r, forall 1 <i,j<k}.

Vietoris—Rips complex
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Vietoris-Rips =2} 4|(Vietoris-Rips complex)&= M= 7172
2852 20t 52 YL
> 02 7‘IEI-'-7 Xo| 2238 X ¢ X 2 r > 00i| CHal,
Vietoris-Rips S8 4]|(Vietoris-Rips complex) Rips(X, r)= CHS2t
Z0| Zeolgu

Rips(X,r) = {{x1,...,x} C X : d(x;,x;) < 2r, forall 1 <i,j<k}.

Vietoris—Rips complex
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Vietoris-Rips =2} 4|(Vietoris-Rips complex)&= M= 7172
2852 20t 52 YL
> 02 7‘IEI-'-7 Xo| 2238 X ¢ X 2 r > 00i| CHal,
Vietoris-Rips S8 4]|(Vietoris-Rips complex) Rips(X, r)= CHS2t
Z0| Zeolgu

Rips(X,r) = {{x1,...,x} C X : d(x;,x;) < 2r, forall 1 <i,j<k}.

Vietoris—Rips complex
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= X 2t r > 00| cfi3f], Cech
E5H4|(Cech complex) Cechx (X, r)= CH22F ZH0| Zo|ElL|C}:
K

Cechy(X,r) = {{xl,...,xk} cCX: ﬂIBBX(xj,r) + @},
j=1

O17|M Bx(x,r) ={y € X: [ly — x| < r} = 2SOl r0|21 40|
xQ SYLCt

Cech complex

27 /84



| BIA| &=

™ |0

X 2F r > 00| cfal], Cech
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Cechy(X,r) = {{xl,...,xk} cCX: ﬂIBBX(xj,r) + @},
j=1

O17|M Bx(x,r) ={y € X: [ly — x| < r} = 2SOl r0|21 40|
xQ SYLCt

Cech complex
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™ |0

X 2F r > 00| cfal], Cech
r)e Cha2t Z20] ZolEL o
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Cechy(X,r) = {{xl,...,xk} cCX: ﬂIBBX(xj,r) + @},
j=1

O17|M Bx(x,r) ={y € X: [ly — x| < r} = 2SOl r0|21 40|
xQ SYLCt

Cech complex
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A|(Cech complex)= B0 2&H4|(Nerve

o] A2

=]
o @

HRAT VSR IR F

L|C}.
A U = {Ui}ics?t FOIFE M, Bx(x,r)2 H
i 28| (Nerve complex)7t

=

Nerve(U) = {{Uh...,Uk} : ﬁ U; # @}.

j=1

Cech complex
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SREI 3|
(homotopy equivalent) I L|C}.
Theorem (Nerve Theorem)
orok =9 Faf {Bx(x, ) : x € X} 2 gofof H[z] g2 w{/gto]
Z9t7ks 8 (contractible) ff, 52| &t &8 U, c+Bx(x, r) 2 Cech
25t ¢ echx(X, r)= 22 E1] ZZ[(homotopy equivalent) @/ L|C}.
> X =R9 0| £27H5(contractible) 2S &4 BHEEHL|CL.

Union of balls Cech complex

1
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T2 (Topological Structure)2| 4|4 = (Statistical Inference)

YT #Z (Density Clustering)
o
o

(=]
Zt(Metric Spaces), E7l{(Covers), EtA| E&A|(Simplicial

Mapper

Reach®} 7|5tat2 27144 (Geometric Reconstruction)
LHZHA z}2d (Intrinsic Dimension) =4

S ==ZX|(homology)2}t 12| 24

Persistent Homology2} 44 24

QAFSHA 212 24 (Topological Data Analysis) 2 7|A3H&50| 28
I&et 2tz M S 08510 E-4d(Feature) BHS7|

R I{7|Z| TDA: l4etd 2tz 242 fI8t S Al =+
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Mapper= H7HS2| 2 222 A=S 296t

A2BrELICE
> AXBEA £ X o RY d > 19F RIQ| S 7H(cover) U = {U;}iei 7t

——aT
_,_O-|14° o, @& H2l(pull-back cover)= G2l =9 2
{FYHU)}ie L-IEf Ml2stel &2 E2l(refined pull-back cover)=
2t H2AE FH(U;)e] H AL (connected component)=2)]
Qolelct.

> Mapper 12|22 MES
compelx)E AtZZ22E A

U

5Chaza|, Michel, 2021
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Reach@} 7|5tat2 27144 (Geometric Reconstruction)
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xeEX
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=
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ly = x| < r} = 2

{reX:

07| M Bx(x, r)
xQl SYLCt

Union of balls
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Reach7t 24=9Q1 2150 & B ET|(homotopy)= Cech
A

STH=FH MY + USLHIC
Corollary (Kim et al. [2020, Corollary 10])
X C R? 7f reach 7 > 09/ /80|11, X C X7} R8F7H2| 0| FO{HLCt.

O o, r < 7& BHE5FH, |, Bx(x, r)= Cech 2813 Cechy (X, r)2}
S D EI ZZ[(homotopy equivalent)O[Lf.

o |O

Underlying circle

Cech complex

1

34/84



reache= CFYA|(manifold) {0IA] 712 & U= 32 Z[CH
HEZ| S L LY.
Definition
M C R™ O] C}kA|(manifold)Y @, MQ| reach(r(M)2E H7|)=
Cre 3} 2to| Ao|stLct

=

AM)= it g2 — a3
G2#GEM 2d(QZ —q1, TCI1 /\/I)7

O7|M T,M= M2 a0{| 2] "—3— P(tangent space) I L|C}.

C

M )
\lgz—aill?

2d{g2—q1.Ty; M) |

i
i
\ ||Q2*Q1”/:,'1
i S
i

q + Ty M
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reache= &2

7|6t 24 2A|0|A A2ld(regularity)&

LIEILH= 24~(para meter)?:l L|C}.

> reach= CHE1 22 2AH0IM S

>

vvyy

;('. zl‘l
QEEZI(homology) =
LI (volume) 24
E-|'%k7\1|(manifo|d) RIS}
BFAF AHAK(diffusion map) 23

238t 24 (parameter) LI CH:
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reach 42| O|L|ZHA 2| (minimax risk)

> q
1 1
= infsupEp( [ — }
Ro = infsup et 7(P)  #a(X)

> X =(X, -, Xp)= 1EE 22 POM 2ESHD, P BESEES
e Po —’—‘T—E Lict

> 238 72 A2 X2| Yolo| Byt

> A, EHEE ARBEULH O2tM 2& X,y € RO|| T
Ux,y)=|% - ﬂq%! Lct.
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reach 42| O|L|ZHA 2| (minimax risk)

Theorem

. 1 1
n~a S infsupEpe H —
Tn PEP T
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LHZHA z}2d (Intrinsic Dimension) =4
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CFEA| (manifold

of T2 YLIC,

A2HA 7|

e

6 http://www.skybluetrades.net/blog/posts/2011/10/30/machine-learning/
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> LA 20| 02| L2l 3= E21, [I2tA ShEaloF gLt
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2p3 249| 0L A 2 (minimax risk)

>
R, = inf sup Epw [1 (diAm,,(X) £ dim(P))]
dim, PEP

> X = (X1, -, Xn)E DYE BX PO RE5L2, P= SEEZO
23t Pof £3LICH

> 2P dim, 2 A= X2l 2L|9| e4-LC.

> 0— 1 &MELE AL T2t 2E x,y € RO|| Cish,
U(x,y) = 1(x # y)YUHLt.
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2t 249 O|L{WA 2| (minimax risk)

Theorem

2 < Jaizzglap(n) [1 (diAm,,(X) # dim(P))} < gt

43 /84



S22 2|(homology)@t 19| %

ox!
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agio| JAE 7|55H CIAS S 8225 £ 9laL|C)

> 7|55t ChALS:
> 7, L,Cc,2,0,H, A,0, X, %, 3, E, I,
> AT b

> o2 20N YS2| eSS 44 DAY
1. fo =QZ& d&2| I ®

?_
3. B, =23} 2o Yol e
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oA thefs= ==2(0| tet 2F LT

1. o —oizg ool s @

\‘/\\
2. py =129 % U

[JoNp [ 0 [ 1 [2]
a,L,c,2, o,0, d, »H
1 A,Z,AE o, A
2 =2, F
L3 ] L s [ ]
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Persistent Homology2} 44 24
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Underlying circle: Bp=1,3:=1

S 24Ro| EMOBRE 23Y

100 samples: By =100, ;=0
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Persistent homology+= &
AASED, SS2A|71 A
e

50| RN FB22S
Al LEILIR ARRIZIEA]

Sample, r=0.1
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F=0
= —

DM 2222

Per5|stent homology._ 9|
LIEFLELD AF2HR| =4

Z|
=
7|§%“—|Ef.

e
A

Sample, r=0.4
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Persistent homology= & g=2| ZRANM S =Z2X|E

Atetl, =27t

IS

r=0.5 : 1XF&
2ol 4

Al LIEFLELL AtetA| =]

Sample, r=0.5

51/84



Persistent homology+= &
AASED, SS2A|71 A
e

50| RN FB22S
Al LEILIR ARRIZIEA]

Sample, r=0.9

r=0.5 : 1XM2 o| H}
FHo| 47 =
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Persistent homology—= &Ief=2| ZA0M S =ZX|E
HASELD, SS2A|7F AHA| LIEFLILD AR | =4

7| =L

r=0.5: 1A r=1: 152
THOo| 4 T&Ho| g H

Sample,r=1
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Persistent homology+= &
AASED, SS2A|71 A
e

50| RN FB22S
Al LEILIR ARRIZIEA]

* 0 dim (components)

r=0.5: 1X}& r=1: 1At Persistent I:Iomology
F¥o 47 PR

54/84



I

|3 FEO| A HEE 2E5t Cof HUT2H
(kernel density estimator)= AFEgrL|C}.

> SHA G =X (kernel density estimator)2 CtS2} Z& L Ch

A 1 : X—X,'
Ph(X):nhdZK< h )
i=1
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Persistent homology—= &Ief=2| ZA0M S =ZX|E
HASELD, SS2A|7F AHA| LIEFLILD AR | =4
T

level = 0.2

-

-

05 10 15

L T T 1T
15 05 05 10 15

EEL
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Persistent homology—= &Ief=2| ZA0M S =ZX|E
HASELD, SS2A|7F AHA| LIEFLILD AR | =4
T

level =0.15
level =0.15
w
- o
= =
A (=]
o A o
“ o ‘ \
4 =
- 4
7] 0
4 - 2 7
o | . -
[ B e B B R 2
A5 05 05 10 15 LA S B S
45 05 05 1.0 15
o
1=0.15 : 1AtZ
e SEELE

3ol 42
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Persistent homology—= &Ief=2| ZA0M S =ZX|E
HASELD, SS2A|7F AHA| LIEFLILD AR | =4
T

level = 0.15 level =0 level =0
e £ 3
- -
K _[ T T T T T T o "
-15 -05 05 10 15 -15 0.5 05 10 15 A5 05 05 10 15
o o
L=0.15 : 1K} L=0: 1Kt& ol 3y Al S
A = HdHe
FYol 4z | FYO| gofH
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Persistent homology—= &Ief=2| ZA0M S =ZX|E
HASELD, SS2A|7F AHA| LIEFLILD AR | =4
T

05 10 15

05

15

level = 0.15

~

-

T I 1 T T T T
-15 05 05 10 15

L=0.15 : 1K} 2
JHO| AEZ

level =0

05 10 15

59 /84



Fotst Ak =Z 2| Persistent homology2 & 7|2 7£R9|
Persistent homologyS =dg 4~ Q&GL|C.

Circle 100 samples
o o
2 2
o | o |
N —A N
E o E o
B o | Do (A
— —
oS o
o o
S S -
o [ I I I I I ] o [ I I I I I ]
0.00 0.10 0.20 0.30 0.00 0.10 0.20 0.30

Death Death
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Fotot A=z 9| Persistent homologyZ2FE 7|2 7t 9|

Persistent homology

Birth
0.00 0.10 0.20 0.30

Circle

1 T T T 1T 1
0.00 0.10 0.20 0.30
Death

T

Birth
0.00 0.10 0.20 0.30

s 249 + AsULh

150 samples

T T T T 71 1
0.00 0.10 0.20 0.30
Death
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Fotst Ak =Z 2| Persistent homology2 & 7|2 7£R9|
Persistent homologyS =dg 4~ Q&GL|C.

Circle 200 samples
o o
[qp I ™M —
oS <]
[ )
- - [ ]
o o
N —A N
E o E o
= — = —Ha
mn o mn o
— —
oS o
o o
S S -
o [ I I I I I ] o [ I I I I I ]
0.00 0.10 0.20 0.30 0.00 0.10 0.20 0.30

Death Death
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Fotot A=z 9| Persistent homologyZ2FE 7|2 7t 9|

Persistent homology

Birth
0.00 0.10 0.20 0.30

Circle

1 T T T 1T 1
0.00 0.10 0.20 0.30
Death

T

Birth
0.00 0.10 0.20 0.30

s 249 + AsULh

500 samples

T T T T 71 1
0.00 0.10 0.20 0.30
Death
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SOz gojst 3821 £
227 S42 oYM TE2ER?

Circle

Birth

0.00 0.10 0.20 0.30
|
Birth

0.00 0.10 0.20 0.30

T T T T 71 1
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Bottleneck distance= Persistent homology &70f| 2]

|:|_I_E =)

Definition

Dy, D& & Persistent homology2t1! 5t3H, Bottleneck distances=
Cta2t &0| Zel&EL o

Woo (D1, D2) = inf sup [[x — v(x)|[c
Y xeD,

ol M, y= DiMIM D2 7t 2E LHLSO| E 4+~ USHCE

Circle 100 samples
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Bottleneck distance= 110f ArE5t=

—

28g + AU g Fe

SR

Theorem
[Edelsbrunner and Harer, 2010][Chazal, de Silva, Glisse, and Oudot,
2012] K& Ctxl| 28t (simplicial complex)2f 511 f, g : K — RE &

str2f efLCt. Dgm(f)2f Dgm(g)& Z10f 4&5f= persistent homology
23 3 o, CS0] HEIEHICE

Weo(Dgm(f), Dgm(g)) < [|f — &llco-
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Persistent homology2| AI2||= Persistent homologyS

o sL= Sl SL=2H A

== 52 Zolote SEHFYLIO
7|4 M1} 2= X2l Persistent homologyE 2t2f Dgm(M)z2t Dgm(X)
24T ESUCE Q247 a < (0,1)7} ZOIHE T, (1 - a) A2/
cn = cn(X)= T3S UEote SEHSYLCH

=

P (W (Dgm(M), Dgm(X)) < c,) >1-—«a.

Circle 500 samples
o o
(3] (3]
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< o < o A
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o o
o o
o T T T T T 1 o
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Death Death
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Persistent homology2| AI2||= 10| &AES5t= 49|
etz ALk &~ USLCH

njo

At He|28H, P(|[fu — fx|]| < c) 21— o 28 R
P(WOO(ng(fM)a ng(fX)) < Cn) > P(Hf/\/’ - fXHoo < Cn) >1-a

2tM iy 2l AZ|C|E persistent homology Dgm(fy)2| A12|C|2 0|8
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Topological Data Analysis)2 7|AISt&0 88
ME 0|85t0] E/4(Feature) BH=7|
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7| Alet& (machine learning) (OFF) CH= &7

v

F0{2 2H|2t 2t=0f|M, 7| A& (machine learning) /
(deep learning)2 DY7HEHEl 23 (parametrized model)S BH&EILIC.

012 2= X,

OH7HSHel 23 (parametrized model) fy,

2A|0f 2|2l &A%t (loss function) L,

J|AstE 2 EHESE 2|Asehe SHE ALHEUCH

arg ming L(fy, X).

> OL2 AL Z|AsHo| HA|A HEl(explicit formula)E Fote A
=2/tsotAL U T YL CHeg. 2 HAHZES AL). [etA,
VoL(f, X)ZE O| S HAIR(gradient descent)=2 ALEEILICE:

vvyy

Opi1 = Op — AV L(fy, X).
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> A Survey of Topological Machine Learning Methods (Hensel, Moor,

Rieck, 2021)
> et 2tz 2M S 7|AISS0 8&5t= tlole A F 7HA|
ol UASLICE
> e 2tz 2ME 0|83 S4(feature)s 2SO0, AtZ X0
e E4E 2I1517|: o &t U
> 48t (loss function) L0 |&fsd &4 sty 2|2 2=
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Topological Data Analysis)2 7|AISt&0 88
ME 0|85t0] E/4(Feature) BH=7|
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. =2 = =
Persistent homologyE ot tH G QO FE2|E &1t
— SIA 1 A
F= ot 3700 s Lot
» Persistent homology2| 272 T2 o=z B5t0] 7|A5ts
Yune|E 20| Agsh = :
> Persistent homologyS St H O QUM R22|=
S0 22 VA S5l Y|S0l Argst/| Hefc
» Persistence Landscape, Persistence Silhouette, Persistence Image S
o2 YYol AU L
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Persistence Landscape Persistent homology2| ot

gerglLc

Death
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persistence landscapel| A2|[|= EAEZHO Z At
O| A |__| |___|-
> 7| M1} HE X9 persistence landscapeS 2tZ A\t Ax =2

=5 LICH o-dd H2|(stability theorem)2 25 1,
P(||fu — x|l < ) > 1 - o= 32 FESLCH

P (Ax(t) — o < Am(t) < Ax(t) + a¥t) = P(||[fur — || < ) > 1—a,

et ti2e= a2l £y Q| AZ|T|E persistence landscape Ay 2|
A2l Z ALY 4~ ST

ﬂJ°T"

_I_

Circle 500 samples

/a\
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Persistence Landscape2 & 2|4F&tM Z(topological layer)
o= 7|
1. A& X0 2G5t simplicial complex K2} St4 f& MEHS}HO]
Persistent Homology DE A|AtetL|Ct.
2. D2EE] Landscape ) : N x R — RS AH|4AFgtL|CY.
3. l]H7H AL w € RFm=& 0| 2510 7t2H A&
Du(t) = o007 widi(£)S ALY
4. \,2 HESI5I0] A, € R™S BFSL|CE
5. O7HetEl O|27tse & gy : R” — RS AFESHY,
S0..(D) = go(\)E 74|ﬁ§'—|£f

Input

Persistence Landscapes
Q Persistence Diagram D M
Q#E = N (Y
O JEREEEE T | v ANE
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Persistence Landscape2L &

el

Accuracy for MNIST data

o
o
)

Accuracy
o
iy
)

0.6 1

0.0 01 02 03

Corrupt and noise probability

Sd for MNIST data

0.151
5 0.104
® 0.05

0.00-

o|AbHA

—

Accuracy for ORBIT5K data

Accuracy

01 02 03
Corrupt and noise probability

Sd for ORBIT5K data

0.151
5 0.10
® 0.054
0.001

Z(topological layer)

MLP

- MLP+S

MLP+P
CNN

- CNN+S

CNN+P

- CNN+P()
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R I{7|X| TDA:
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> Q2ASHY 2tg EME o|lF= 2S5 O|A|: Dionysus, DIPHA,

GUDAHI, javaPlex, Perseus, PHAT, Ripser, TDA, TDAstats
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R I§7|2| TDAE 9|43 AR BAS 5
2}0|E2{2|2| R QIE{H|0|AE A|-ZEL|C}.

v

HALO|E:
https://cran.r-project.org/web/packages/TDA/index . .html

Z{A}: Brittany Terese Fasy, Jisu Kim, Fabrizio Lecci, Clément Maria,
David Milman, and Vincent Rouvreau.

RE A Attt X232 2t Z2 02y A YLt

R 7HEEA|ZHO| 2410, C/CH++ ARHA|ZHO| ZH&LICE

R package TDA £ 2{&8H A2 E42 dilF= C++ 2f0|22{2(2
GUDHI/Dionysus/PHAT2| R QIE{H|O|AE A ZEL|CL.
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https://cran.r-project.org/web/packages/TDA/index.html

LA 7 Z(Topological Structure)2| EH|A =4 (Statistical Inference)
UL #& (Density Clustering)

2| &7 (Metric Spaces), E7H(Covers), THA| E&A]|(Simplicial
Complex)

Mapper

Reach®} 7|5tat2 27144 (Geometric Reconstruction)
LHZHA z}2d (Intrinsic Dimension) =4

S ==ZX|(homology)2}t 12| 24

Persistent Homology2} 44 24

Q|Arstd 2tz 24 (Topological Data Analysis)2 7| AlSt50 &
QAISHA 212 2M S 0|2510 £/ (Feature) 27|

R I§7|Z| TDA: ISt 282 245 glet 84 ALt =7

oy
il

122
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