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Umo makoe Knacmepu3ayus?

Knactrepusauma - 3agaya pa3bueHms 3agaHHOM BbIGOpKM 00beKMos8 Ha HenepeceKkawuwmecs
NOAMHOXECTBA, Ha3blBaeMble K/IaCTEPaMM, TaK, YTOObI KaXKApbl KNacTep COCTOAN U3 CXOXKUX 0OBbEKTOB, a
0b6beKTbl Pa3HbIX KAaCTEPOB CYyLLECTBEHHO OT/INYANMCD.

[Mopa, cxoXKecTbto 06bIMHO NOHMMaeTCcAa 6AM30CTb APYT K APYry OTHOCUTENbHO BbIOPAHHOW METPUKMN.

3aja4a Knactepusalmm OTHOCUTCA K pa3aeny 3a4a4 obydeHua 6e3 yymrens.

O6yueHune 6e3 yuntena (Unsupervised learning) — oanH n3 pasgenoB mallMHHOTO oby4vyerHuns. Mayyaet
LUMPOKMI KNacc 3a4a4 06paboTKM AaHHbIX, B KOTOPbIX M3BECTHbI TO/IbKO ONUCAHMUSA MHOXeCTBa 0O BbEKTOB
(obyuatowen BbiIboOpKK), n Tpebyetca 06HaPYKUTb BHYTPEHHNE B3aUMOCBA3M, 3aBUCMMOCTMH,
3aKOHOMEPHOCTH, CYLLLECTBYHOLLME MeKAY 0O beKTaMu.

Oby4yeHune 6e3 yumTena 4acto NPOTUBOMNOCTABASAETCA 0OYYEHUIO C yunTenem, Korga ANns Kaxxaoro
obyuyatouwero obbeKkTa 3a4aETCA KNPaBUAbHbIM OTBET», N TpebyeTcAa HaNTU 3aBUCUMOCTb MeXAyY
obbeKkTamn U OTBETAMMU.

Kypc nekumit K.B. BopoHuoBa: http://www.machinelearning.ru/wiki/images/2/28/Voron-ML-Clustering-slides.pdf
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[TocmaHoBKa 3a0a4u Kaacmepu3ayuu

NaHo:
X — NpOCTPaHCTBO OOBEKTOB
X,— obyyatoLan BbibopKa; | = 1...L
0 - PYHKLUMA PaACCTOAHMNA MeXKAY 06 beKTamMu

Hautu:
Y — MHOeCTBO K/1aCTepoB U
a: X > Y —anroputm Knacrepmsaumun, Takou, 4To:
- KaXKAblM KNacTep COCTOUT U3 BAN3KNX 06 beKTOB
- 06 bEKTbI Pa3HbIX KNACTEPOB CYLLLECTBEHHO Pa3/INYHbI
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OcobeHHOCMU 300a4U Kaacmepu3ayuu

PeweHue 3d44a4Yn Knacrepmsaumm npuHUmMnmaibHO HeOAHO3HA4YHO:

e TOYHOM NOCTAaHOBKM 3a4a4M KnactepmsaLunm HeT
e CyllecTByeT MHOXXECTBO KpUTEPUEB KayecTBa KlacTepusaumm
* Yucno knactepos |Y| 3apaHee, Kak NpaBuIo, HE N3BECTHO

e Pe3synbrat KNacTepmsaLmm CyLLEeCTBEHHO 3aBUCUT OT METPUKU P, KOTOPYIO
3KCnepT 3a4aeT CyObeKTUBHO
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Llenu Knacmepu3sayuu

MoHMMaHMe AaHHbIX NYTEM BbIABNEHUA KNAaCTEPHOMN CTPYKTYpPbI. PazbneHne BbIBOPKM Ha FPyMnbl CXOXKMX
06BEKTOB NO3BOJISIET YNPOCTUTbL Aa/IbHENLLYI0 06paboTKy AaHHbIX U NMPUHATUA PELUEHUN, NPUMEHASA K
Ka*KAOMY KNacTepy CBOM MeToA aHanm3a (cTpaTterna «pasaenam n Bnactsym»).

Cxkatune gaHHbIX. EChn ncxogHas BbI60pKa N36bITOYHO 6OI'IbLuaﬂ, TO MOXHO COKPAaTUTb ee, OCTaBuB MNno
o4HOMY Hanbonee TUNMNHHOMY NMPEACTAaBUTENO OT KaXKA0ro Knacrtepa.

O6HapyXeHune HOBU3HbI (novelty detection). Bbliaenatotrca HETUNKUYHbIE 0O6bEKTbI, KOTOPbIE HE YaaETCA
nPUCoeaAnNHUTb HU K OAHOMY U3 K/1aCTepOoB.

MocTpoeHue nepapxmm mHoxKectsa 06beKToB (3a,a4a TAaKCOHOMMUMN)
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[Tpumepbl KAacmepHbIX CMpPYyKmMyp

cL BHYTPUKNACTEPHbIE PACCTOSAHUA, KAaK NpaBuio,
MEHbLLE MEXKNACTEePHbIX

R NEHTOYHbIE KNacTepbl

KNacTepbl C LEHTPOM
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[Tpumepbl KAacmepHbIX CMpPYyKmMyp

KAACTEPblI MOIYyT COCOWMHATBECA NEPEMbBIHYKAMMN

KNaCTepbl MOTYT HAaK/aAblBAaThCA HA Pa3PeXKeH-
HblA (DOH N3 PeaKO PACMOSIOXKEHHbIX 0DBEKTOB

KNacTepbl MOTYT NEpPeKpbIBATbLCA
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[Tpumepbl KAacmepHbIX CMpPYyKmMyp

. KNacTepbl MOryT obpa3oBbIBAaTbCSA HE NO CXOA-
o CTBY, @ MO WHbIM TUNaM perynsspHoCcTen

et KNacTepbl MOryT BoODLLE OTCYTCTBOBATH

Ké\)K,EI,bIVI METOo KNnactepmnsaunm nvmeet CBOU orpaHnN4eHnAa N BblaeNAEeT Knactepbl INULWb

HEeKOTOPbIX TUMOB
[MoHATME «TUN KNACTEePHOM CTPYKTYPbI» 3aBUCUT OT MeToda U He umeeT GOPMasibHOTO

onpeaeneHus
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[Tpbobsema yyecmeumesnbHOCMU K MempukKe
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Kayecmeo Knacmepusayuu

Cymma cpeHUX BHYTPUKNACTEPHbIX PACCTOAHUIA:

1 & -

Fy=Y ~2 (X, 1)~ min
keY Nk /=1

Cymma meXXKNacTepHbIX PacCTOAHUMN:
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KayecTBo
OLLEHUTb
Hanbonee 4YacTOTHbIM TEPMMHAM, BCTPEYAOWMMCA B
knacce («O6nako TarosB»). T.e. mbl mornu 6bl AaTb
Ha3BaHWE KaxKAOMYy KnacTepy ucxoaa u3 Haubonee
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Aﬂeopume/ Kaacmepusayuu

Nepapxmnuyeckue
* ArniomepaTtuBHaA KnacrtepmsauunA
* [lnBnanmHaa Knacrepmsauyma

CraTuctnyeckue

* EM-anroputmel

e K-cpegHux (k-means)
* Anropuntm FOREL

Cetn KoxoHeHa
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ME,DG,DXULIECKUE dsicopummel Kaaacmepusayuu

Cpean anropuTMoB MEPapxXMUYEcKoM KaacTepusauun pPasMyaloTcas ABa OCHOBHbIX TuNa. [AWBU3MMHbIE WU
HUCXoAALWME aNropuTMbl pa3busatoT BbIBOPKY Ha BCE bosiee n 6onee menkue Knactepobl. bonee pacnpocTpaHeHbl

aroMepaTMBHbIE WU BOCXOAALLME ANTOPUTMbI, B KOTOPbIX 0O6BEKTbl 06beauHAIOTCA BO BCE HGonee n b6onee
KPYMHble KnacTepbl

CHayvana Kaxkabl 06BEKT CYNTAETCA OTAE/IbHbIM KNacTepom. 1158 O4HO3/IEMEHTHbIX KNaCTEPOB €CTECTBEHHbIM
obpasom onpegenserca PyHKUMA paccToaHna P(x;, x;)

3aTem 3anyCcKaeTca Npouecc CAUAHUN. Ha Kaxkaon ntepaumnm BMecTo napbl cambix 6an3Kknx knactepos U n 'V
obpa3syeTtcs HoBbIM Knactep W =UUV

PacctoaHme ot HoBoro knactepa W ao ntoboro apyroro Knactepa S Bbiuncasetca no paccrtosHmam R(U, V), R(U, S) u
R(V, S):

RWUUV,S)=a,R(U,S)+ a,R(V,S)+ BRWU,V)+vy|R(U,S) —R(,S)|
roe a,, a,, 5, y- Y4CcnoBble NnapameTpbl

9Ta yHuBepcaabHaa popmyna ob6obLiaeT NnpakTUYECKM BCE Pa3yMHble cnocobbl onpeaennTb PacCTOAHME MeXAY
Knactepamun. OHa bbina npeanoxkeHa JlaHcom n Yunbamcom B 1967 ropay.
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ME,DG,DXU‘*IECKUG dsicopummel Kaaacmepusayuu

Ha npakTuKke ncnonb3ytoTtca cneaytouwme cnocobwol Bblumcnenms pacctoaHnim R(W, S) mexxkay kKnactepamu W n S. ina
KaXX40ro n3 HMX gokKasaHo cooTtBeTcTBme popmyne SlaHca-Bunbamca npu onpeaenéHHbIX COYETaHUAX NAaPaMETPOB:

PaccTtoaHune 6aunkHero coceaa (single linkage):

1 1
6 = i . = = — = = ——
RPW,S) = min p(w,s);, ay=a=5,  [=0, y=-3
PaccTtoaHue ganbHero coceaa (complete linkage):
1 1
A = . = = — = = —
RAW,S) = max pw,s); ay=ay=5, [=0 y=s

PaccTtosiHMe A0 LeHTpa:

RH(WS)= 2 ZLZi a :M a :M ,[>’=—aa
TP\ & wrLis)) T T

wWEeEW SES

PaccTtoaHue Yopaa (Bapaa, Ward):

s = S, 2121- L _Isitior s+l
+ + +
=) S s+ w wi'Zas) T st w] TSI+ w

wWEW SES
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Mepapxuwemue dsicopummel Kaaacmepusayuu

PacctoaHue bankHero cocela

Anarpamma BnoxeHuA AeHaporpamma
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Mepapxuwemue dsicopummel Kaaacmepusayuu

PaccTosiHWe aanbHero cocena

Anarpamma BnoxeHuA AeHaporpamma
Rt
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Mepapxuwemue dsicopummel Kaaacmepusayuu

PaccTtoAaHune Yopaa

Anarpamma BnoxeHuA AeHaporpamma
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OcCHoOBHble ceolcmaea uepapxuyeckou Kaacmepu3ayuu

MOHOTOHHOCTb: AEHAPOrPaMma He MMeeT camonepecedyeHnin, NPU KaxKaomM CIMAHUN pacCcToAHME
MeXKay o6beanHAeMbIMKU KnacTepamu yeenmnumeaetca: R, < R; < R, ...

R" — He MOHOTOHH3, RS RA RY — MOHOTOHHBI
CXXnmaemocCTb U PacTArmMBaemMocTb:
R < p(uy, Uy ), Vt — CXmatollee pacctosHume

R: = p(uy, 4y ), Vt — pactarnsatoLlee pacctoaHue
CBOMCTBO PACTAKEHUSA KenaTenbHOo, Tak Kak OHO cnocobCTByeT bonee YETKOMY OTAENEHMIO KNAcTepPOB

R® —cunbHO cxumaromee, R RY — pacrarusarmomue, R“ —coxpaHsieT METPHUKY ITPOCTPAHCTBA
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Bbieoobl U peKomeHOayuu

* PekomeHpayeTca Noab30BaTbCA paccToAHMEM YopAaa.
* OO6bIYHO CTPOAT HECKOJIbKO BAaPUAHTOB U BbIOMPAIOT /Iy4LUMN BU3Ya/IbHO NO AeHAPOorpamme.

* OnpenenaTb YNCNO KNACTEPOB PEeKOMeHAYEeTCA N0 MaKCMMabHOM BbiCOTe yyacTKa |Ri+1 - Rt| Ha
AeHAporpamme.
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EM-anzopumm. lNpednocbinku

M’Mnotesa o BepOATHOCTHOM Npupoae AaHHbIX:
Obyuyatolian BbiIboOpKa X cayyaMHa M He3aBMCUMA, COCTOUT U3 CMECK pacnpeneneHui

PO = ) wypy(x) > wy =1

YEY YEY
Py (X) — GYHKUMA NNOTHOCTM pacnpeaeneHns Knacrepa y,
W,, - anNpuopHan BEPOATHOCTb NosABAEHMA 0O6bEKTOB M3 KnacTepa y

M'MnoTtesa o NnpocTpaHcTBe 06beKTOB U Popme KNacTepoB:
Knactepbl n-mepHble, rayccoBcKkue

py(x) =(21T)_n\2 (Uyl O-yn)_lexp(_l\zpyz(x» :“y))

Hy = (,uyl, ) ,uyn) — LIeHTp KJlacTepa y

" 2 [
X, =diag(oy,”, ... aynz ) — AuaroHaJibHasi MaTpuUIla KOBapUaluu
n

py 20 x) = ) 0y — 22

j=1
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EM-anzopumm

i

: HauaneHoe npubnwxenne w,, 1, L, Anascex y € Y,
2: NOBTOPATH
E-war (expectation):

wa

. wy Py (xi)
gy = Ply|x;) = g

Y Zz.:_'r' zpzfxf}
4. M-war (maximization):

1 L

= Iy s i

;2. 8y YEY:
1

. YEY, 1=1,...,§

Wy
- =
1 £ .
'U:""J.: mfglgjyx; }’r":: V, _If—].._.....ﬂ
Z.Eﬂy( Xi — Hyj )2 YEY, Jj=1L...,m
wy, i1
5y = argmaxg,}., i=1,...,£L
vEY

Bb: NOKa ¥; HE NEPECTAHYT W3MEHATLCH,
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Ha E-ware no popmyne baneca
PaCcUMTLIBAIOTCA «CKPbITblE MEPEMEHHbIe» g, —
anoCTepmnopHan BEPOATHOCTb TOrO, YTO i-U
0OBEKT NPUHAANEXKUT KNacTepy y

Ha M-wware yTo4yHAIOTCA NapamMmeTpbl KaxKaoro
KN1acTepa UCNoNb3yA CKPbITbIE NEPEMEHHbIE g
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=2

EM-anzopumm

=2

B 2 W .
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Memoo K-cpedHux (k-means)

YnpouweHHbIn aHanor EM-anroputma:
HecTKana Knactepmsauma BMeCTo MArKom

1. HauanbHoe NpubanKeHne LEeHTPONAOB Uy, Yy €Y
2. MNosTOpPATH:
3. AHanor E-wara:

OTHECTU KaXKAbIN Xi K banKanwemy LeHTpy

yi =argminp(Xi, pty), 1=1,.... l;

yeY

4. AHanor M-wara:

BbIYMC/IUTb HOBbIE NONIOXEHUA LIEHTPOB:

S v = yifa(x) y
Zle[yf =51 ,

5. MokKa yiHe nepecTaHyT U3MEeHATbCA

fyd -=
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Hedocmamku memooda (k-means)

He rapaHTupyeTca gocTuxKeHue rmobasibHoro MMHMMYMa CYMMapPHOTo KBaApaTUUYHOro OTKJAOHEHUSA V, a TONbKO
OAHOro U3 N0Ka/IbHbIX MUHUMYMOB.

Pe3ynbTaT 3aBMCUT OT BbIOOPA MCXOAHbIX LLEHTPOB KNAcTEPOB, UX ONTMMAaJIbHbIM BbIOOP HEN3BECTEH.
PekomeHayeTcA NOBTOPHAA NPOroHKa afiropuTMma Ans u3berkaHusa cUTyaumnm «naoxom» Knactepusauuu.

Yncno KnactepoB HaZ0 3HATb 3apaHee Uan nepedbupaTtb B NOMCKAX ONTUMAJIbHOTO.

Utepauusa 1 Utepauusa 2 Utepauusa 3
Gy - @ oo s
e P %o 2] ; : e @
®g Q;D ® : + ( %
{:’e‘h Ll LAY
4,.
»3 3 s, % »% ..
o ® ¢« 8", o7s ",
+ & oﬂ @
-
Utepauua 4 Utepauua 5 Utepauun 6
G @ : e ™ e &
e ! P L] i oy ® o 2
{!} -:?+ af t r Y ds ‘t? éi
-.::-f‘:-n,_}.'(;' : 1T GQ_-, a%e {:’)J
¢
..@.
&C} 2 " &}g % e (?)O @ =
@ .GD QCI L] .;U‘
s o %U ~ @ E {; #’ . GEb * Eﬂ %9 + . Q%
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Cemeticmeso anzopummos FOREL (POPmansHsbilU 3/lemeHm)

Anroputm npeanoxeH 3aropyiiko H. . n EnkmuHoli B. H. B 1967 roay.

3azaeTca napameTp R — pagmyc noncka N0KaNbHbIX CryLLEHUNA.

Ha KaXXaom ware mbl

1. chyvyarHbiMm 06pa3om BbibMpaem 06beKT U3 BbIOOPKY,

2. pa3ayBaem BOKpYr Hero chepy paanyca R,

3. BHYTPU 3TOM chepbl BbIOBUPaAEM LEEHTP TAMKECTU U AeNaeM ero UeHTPOM HOBOM cdepbl.

Takum obpasom, Mbl Ha KaXgom ware Asuraem chepy B CTOPOHY SIOKANbHOIO CryleHua ob6beKTos
BbIDOPKM, T.€. CTapaemcsl 3aXBaTUTb KaK MOXKHO H6onblie 06beKToB BbIOOPKKN chepon PUKCMPOBAHHOTO
pagauyca.

4. Nocne TOro Kak ueHTp chdepbl cTabunnsmpyertcs, Bce 06bEKTbI BHYTPU chepbl C STUM LEHTPOM Mbl
NOMeYaeM KaK KlaCTepM30BaHHblIE M BblKMAbIBaeM MX M3 BbIOOPKKU. ITOT NpoLLECC Mbl MOBTOPAEM A0
Tex Nop, NoKa BCA BbiIOOPKa He ByaeT Knactepmn3oBaHa.
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Busyanu3zauua anecopumma cemeucmea FOREL

= wiw. ATPORTAL ru -

HWY "M3MU

= ww.ATPORTAL. au =

= www.ATPORTAL ru ::

", Kad. YUT, 2018-2021

= www. ATPORTAL. ru -
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Ceoucmea anzopumma FOREL

NpenmyuwiecTsa:

* TOYHOCTb MMHUMM3AUMU PYHKLMOHANA KayecTBa (Npu yaayHom noabope napameTtpa R)

* HarnagHocCTb BM3yanusauunm Knactepusaumm

* CXxogmMmocCTb anroputma

* BO3MOHOCTb NnoAcYeTa MPOMEXKYTOUYHbIX (PYHKLUMOHANOB KayecTBa, Hanpumep, AJIMHblI LEeNOYKU JIOKA/NbHbIX
CrylweHunm

HepnocTtaTKku:

* OTHOCUTENbHO HM3KAA NPOU3BOAUTENBbHOCTb

* [lnoxaa NPMMEHMMOCTb a/ITOPUTMA NPU NNOXOWN Pa3aAeNNMOCTM BbIDOPKKM Ha KNacTepsbl
* HeycToMYMBOCTb aNropnTMa (3aBMCUMOCTb OT BbibOpa HavyanbHOro o6 bvEKTA)

e [lpon3BONbHOE MO KONAMYECTBY pa3dbmeHmne Ha KnacTepbl

* HeobxoaMmMoCTb anpPUOPHbIX 3HAHUW O WNPUHE (AnameTpe) KnactepoB
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CamoopaaHu3syrouwjueca Kapmeol KoxoHeHa

CamoopraHusytowanaca Kapta KoxoHeHa (Self-Organizing Map, SOM) — moaenb WUCKYCCTBEHHOMW HEWPOHHOMU CeTw,
crnocobHom obyyaTtbea 6e3 yuntens. MNpeanoxeHa B 1984 roay TeyBo KoxoHeHOM.

Llenbto npMmeHeHna JaHHOM CEeTU ABNAETCA MOUCK CKPbITbIX 3aKOHOMEPHOCTEN B AaHHbIX, OCHOBbIBAsICb HA CHUXEHUM
PAa3MepHOCTM WCXOAHOro NPOCTPAHCTBA B MPOCTPAHCTBO MEHbLUEN pPa3MepHOCTM (Ha NpaKTMKe u4alle BCero
MCNoNb3yeTcs ABYMepHOe, MO MPUYMHE, B YACTHOCTWU, yaoOHOM BM3yanusauuu). MNpu 3TOM TOMNONOIMUA MCXOAHOTO
NPOCTPAHCTBA OCTAETCA TOM e caMon. B pe3ynbrate obyyeHmnA AaHHOM MOAenn NoayyvyaeTca pelleTka, cocToauas n3
0by4YeHHbIX HEMPOHOB, OHA e U Ha3bIiBaeTcs 'KapTon'" UCXOAHOro NPOCTPaHCTBA.
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CamoopeaHu3yrowueca kKapmeol KoxoHeHa. Asrcopumm

AaHo:

BbibopKa X, cocTtosiwas n3 ob6bveKktos Xi = {x1,....xd}, i = 1...N, d — pasamepHocTb AaHHbIX. PazamepHocTb X = [d*N]

W — maTpuLa BecoB HeMpoHOB padmepHocTbio [d*M]. Wj = {wi,...wd } M — KonnyecTtBo HEMPOHOB.

D (M*M) — maTpuua paccToAHUN MeXay HeMpoHamn B cnoe (Tononorua HempoHoBs). Mpu 3Tom, 3Ta maTpuLUa — HE TO
e camoe, yto |Wi—Wj|.

O, Y — MOKa3aTe/In Koornepaumm n 3aTyxaHuUs CKOPOCTn 0by4yeHnAa COOTBETCTBEHHO.
E — KOnnyecTBO 3MNOX.

Anroputm:
1. WNHnymannsmposatb W
2. Epas:

1. [OnAa kaxkporo obbeKrta Xins X:
1. p=arg min ||Xi — Wi|| - Haxogum 6anxKaiwnit HEMPOH K 06 BEKTY
2. Vj:h,; = ePrilT®
3. VjZWj = W] + ,uhp,](x — W])
pry
o*a

2 U
3 0
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CamoopaaHu3syrouwueca Kapmeol KoxoHeHa. Tornosnoz2usa cemu
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D — Tononorna HeEMpPoOHOB.

He o6A3aTenbHO ceTKa, B 0bwem cnyyae —
orpaHuumBaeTca paHTa3nemn, Ho B Cayyae 3HaHUA
CTPYKTYpPbl BbIDOPKU, A0NKHO BbiOMpPaTbCA YAOOHbIM AN
BM3YyanM3aLUML.
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U-matrix

[1na peweHunA 3aga4m Knactepmsaumnm ctpomutca U-matpuua — yHuduumpoBaHHas matpuua pacctosHui (unified
distance matrix). 3To pasHOBUAHOCTb BU3yann3aummn KapT KoxoHeHa, rae BMecTe co 3Ha4eHUAMU HEMPOHOB

NOKa3bIBAETCA PACCTOAHME MEXAY HUMKU. TaKMM 06pa3oM MOKHO JIEFKO MOXKHO ONpeaenunTb, rae KnacTtepsbl
conpuKacaloTca, a rae NPoXoAuT rpaHumua.

34ecb YepHble TOYKM — HEMPOHbI. Yem TemMHee AYenKka, Tem 6onblie PacCTOSHUE MeXay AaHHbIMU HEMPOHAMMU B
MmaTpuue W 1 cooTBETCTBEHHO, Pa3pbiBaMn MexXay obbeKkTamu BbIOOPKK X

Takum obpasom, ceeT/ible 06/1aCTU MOXKHO PacCMaTPUBATbL KaK K/aCcTepbl, TEMHbIE — KaK MeXKnacTepHoe
NPOCTPaHCTBO.
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