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/t; | Peter  CERnp

EXAM: NAILO29  $TRovoué woen s

THE GOAL 18 7D FREDICT THE

- SUFERVSED ~ VALLE ©OF an QUITONE MEASRE
LEARNING < BASED ON A4 Nvnger OF INPUT
PROBLENS

h
UNSUPERVSED FATURES ...
~ THERE 13 NO OUTTONE NEASURE, AND THE

GOAL 1S TO DESTRIGE THE ASSOCLATONS AND
PATTERNIS ANON(G A SET oF INPUT NEAJURES

A OVERVEW OF SurERwsED Waamminyg,

: USE INPUTY TO PREDICT OUTRUTS
INPUTS > QU‘—_[BD , GOAL: U
1 DEPENIDENIT VARWABLES, RESPONSES

PREPICTORS ,  INDEPENDENT VARWBLES, FEATURES

VARIABE TMPES * QUANTITATWE, ORDERED CATEGORICA L/
QUALITATMVE (CATECGORICAL, DISCRETE, Fﬁmbks) -5 CLASSES
REGRESSION ¢ WE PREDICT " Q.UANT”')TAT]/E ouTruTS
» CLASSIFIATION: @ WE REDICT QUALITATILE  OyTPUTS

- AARGETS : NUNERIC COPEY ' FOR QuALMATIVE VARIABLES

~ WIT™ Two  CLAJSES / ATECORIES . ("FalLore". O / "wccrss"...ﬂ

MORE THAN Tw) CATECOR(ES > -DUNNY  JARIABLES
K-LEVEC QUALITATWE. VARWDLE s REPRE SENTED
B1 A VECTOR oF K BINARY  VARIABLES (Bmy),

ONLY ONE OF WHIUY 5. "oN" AT A4 TINE

INPYTS ... PENOTED R0 X (CW.BEA VEU\’)K)
QUANMTATWVE QuthuTs .. Y
QUALITATVE OVUTeUTS ... (- *(For GrOUF )

ORSTRVEP  VALVES ARE WRITTEN IN LOWERCASE
(TH OBSERVED VALVE OF X ... Xi




MARicee ... X
SET OF N INPUT p - VECTDRE WoULp BE

REPRESENTED Ry TE Nxp rmix X .

VECTORS WILL NOT RE Bolp, BGXCEPr wHEN THE
HAME N conPoNENTS

X{ --- P-VECOR OF WINPYTy FOR THE i™ OBSERVATWON
X3 ... N-vEcor ... M ORSERVATIONS ON VARIABLE Xj

ALL VECTORS ARE ASSVNED TOD BE ColuNN U=CTORS
% T™HE {TH Row ofm X s xT . )

LEARNING TAK @ GIWVEN T™HE VALVE ofF AN INFUT
VECtor X , nake A GOOD PREDICNON OF THE
ovTutr Y, DENOTED py V ("y-haT")

PR CATEGORILAL OUTRUTS (3 SHOULD ™KE  vaLug
N THE IMNE  sET G, atsounTEp wity G.

TRAINING  D4TA : A SET OF NEASY RENENTS (%, v:)
OR (X«', 5:), i:".--,','\l

Two SINPLE APPROACHME! : THE LINEAR NODPEL
AND k- NEAREST NEICHBOR S

LINEAR NoDEL | kNEAREST NEIGHRORS
HUGE AssunPhoNs  AsOuT VERY MILD  STRUCTVRAL

STRV CTVRE ASS\_)_r_)rfnoN [}
YIELDS STABLE , hyT POsSIQL] | PREDICNONlS ARE OFRTEAI ACLURATE

INACLURATE  PRED|CTVON, § BUT CAN RE UNSTABLE
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Exatr: NaILp13 Smroood vend

LINEAR MNODELS

-
INPUTS X:(XM-“;Xr)
WE_PREDICT mME outeur Y WA THE NODEC :

A A
VY= BO'I'Z,;:' XJ ﬁa
ks INTERCEPT (BIAS)

~OFTEN ™ (3 CONVENIENT To INCWDBE THE CONSTANT
VARWBLE A N X

VECTOR OF COEFFICIENTS ¢ ﬁ-'; (P-‘o' T ) BP)
LINEAR NoDEL IN VECNOR  FORN QI XTﬂ

IN THE  (p+4) - DINENIIONAL  INFUT— QUTPUT SPACE
(X,Y\ REPRESENTY A H\'"’ERPL}VNE

IF T™E CONSTANT Is INCLUDER IN X, THEN THE
HYPERPLANIE INCLUDES THE ORICIN AND (8 A SURSPACE

B NOT) 1T Is AN AFFINE SET CUTTING THE. Y- AxIS
AT ™E roT (0, R

WE ASSUNE T-AT THE INTER(EPT 1§ INCLUDED Ny /l§ . '

METHOD OF LEAT SQUARES
min RIS (B) = Ziiy (- X”‘)z B
B

= (- XR)T(V-Xp)

DIFFERENUGATING  W-RT. &  —  NORML EQUANQINS :

XT(Y_ X‘l\ s 0
IR XT)\( (S NON I |NGCUVLRR 37' ﬁ:(KTXYQXTV




LINEAR NODE( IN 4 UASSIFILNON  CoNTEXT
TRANING  DATA (%% 6)  Ge §sLE, orange]
RESPONSE Y cobep As O For RWE (1 FoR ORANGE)

C_ {OKAMG-E IF Q)O.g
T LnWE E Q405

DECISION BOUNDARY {x \ x‘rﬁ, 0.5 }

SCENARID 4 @ TRAINING DAY N EAWY Class  WERK
CENERATED FRON  RIVARWTE  GAussian DISTRIRVTY ON(g -~
WITH UN(COQRREATED +'eé'hP.ov\lENT( AND DIFFERENT NEANS

ScRnaRio ) ¢ TRAINING D4TA IV EAGY QLA CANE
FRON A NIXTURE OF  LOw-UARIANICE  G4ussian) RKETR.

InN SCENARIO | - UINEAR DECISION BOUNIDART I¢ TME
BEST ONE CAN PO, THE REGION OF OVERUAP |s INEWTARLE
IN SCENARIp 2 - T™™E OPnNAL BECISION BQUNDARY
IS NONJUNEAR ANpD DISToINT

NTAREST ~ NEICHRBORS  NETHOoDS ~

USE THOSE OBSERVATIONS (N THE TRAINING SET O
CLOSEST IN INPUT SPACE T x  TO FORy O

A
T™E k- NEAREST NE[GHBOR FIT FoR Y IS PERINED AS:

Pr—

{‘Q (x) = -ik_z Yi

X €N (%)

N, (x) - THE NEIWGHRORHOOD OF x DEFINED B THE
k CLOSEST POINTS Xi W THE TRAHNWIN( SANFLE

METRIC -~ WE ASSWIE  Euclipeany pistance

f- NEAREST NEIGHBOR Class. = - VoroNel TE S{ELLATION
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EXAM: NAILD2Y  Crrogore udenl

THE EFFECTIVE NVMRER OF PARANDETERS
OF K-NEAREST NEIGHRors IS N/k .
WE CANNoOT USE SUN-OF - SQUARED ERRORS

ON THE TRAINING SET AS A CRITERION For PlCKin G k,
{INCE WE wWouwbD ALWAYS pick k={ |

PECISION BOUNIDARM O

~ LINEAR DETHODS NEAREST NEIGHRORS
LOw VARIANCE AND POTENNAULYY MIGH VARIANCE
MIGH BIAS Ol R4S

MORE  CONPLEX NETHODS °
~ KERNIEL NETHODC ~ USE WEIGHTS THAT DECREASE
§MOOTHLYY TO 2WERO WITH DISTANCE FROA THE TARGET P.

— IN MIGH- DINENCIONAL STACES T™E DISTaNCE KERNELS
ARE MODWFIED TO [ENPHASIZE $ONC VARA-QUE
_ FIORE  THAN OTHERS

-~ LOCAL REGRESSIoN — FITS UNEAR NODELS BRI
LOCALM WEIGMTED (EAST SQUARES

~ LINEAR NODELS FiT TO A PACIS EXPANSION
OF THE OR} G/N(AL INPUT §

=~ PROOE(MoN PURSUITT AND NEVRAl NETWORK NODELS
CONSIST OF SUNS OF NON - LINEARWY TRaNJSFORNED
LINEAR NODE LS




STATUTICAL DECISION THEOR

X< [RF ... rANDON INPUT VECTOR

YE€R --- RANpON OUTRUT VARIABLE

Pr(XiY) -.- 20T pistRizuNIgNy

WE SEEK : FUNCNoN §(X) For PREDIcTNG Y

LOrS FUN CTMON L(Y. S(Y“ FoR PENAUZIN( ERRORS ™I PR..
SQUARED ERROR LofS: L,(Y,5(x}) = (Y- $(x))?
EXPECTED (SQUARED) PREDICTION ERROR

EPE(3) = E(-300)" = {Lv- S0 Pr(dw, dy)
B1 CONDIMONING ON X -

EPE(§) = Ex Eypy (LY-500)7% | X)

D IT SURRICES N NININIRE  EPE  Poimu\(E :

S = Qr‘gminc Evix ([\\"szl X =X)
THE soluloN 15 §(x) < E(Y 'X=X\

~

—

> THE (ONIDINoNAL E)(PECI‘A{NQN, THE REGRESSION FUNC.

NEAREST - NEICHROR  NDETHODS ATTENPT TO PIRECTLY

INPLENENIT THIS RECIFE USING  THE. TRAINING DATA
UNIDER  NILD  REGULARITV CONDIMONS ON THE

JoINT PROBARILITY pIsTRIMUTION Pr (Xx,4), ONE Gy

SHow AT af Nik = o, k/N =0, F)-E(Y]| X=x).

LINTAR  RECRESSION| - A PODEL BASED 4pPROA
WE ASWDE  §(X) » xTR , © FRon EPE R DIFFERENT..

R=LE (XXM E(xy)
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EXAMN: NAILo2Y SrroyovE voend

LINEAR NODEL ASSunes : F(x) 15 WELL
APPROXIMNATED M1 A (GLORALLY ULINNEAR FUNCTION

k- NEAREST NEIGHBORS @SSUNES @ §(x) IS WELL
ATPROXINATED By 4 LOCALLY CONSTANT FUNCTON

IF WE REPWCE THE (, wofs FyncTion W ITH
™E L4 - EIY~£(X)I, WE GET:

a 3(><) = median (\{ | X =x)

MoRE RORUIT, Rur L, CRITERIA HAVE DpiscoN-
TINIVITIES I ™EIR  DERIVATES ,

LOSS FUNCTION FOR  CATEGORICAL VARIWBLE G :
AN ESTINATE (7 WwUL AfSuNE VALVES 1N
LOSS FNC. RETRESENTED v A KK mamiy 1L

WHERE K= card (G), dling (IL)=0, L 15 NoNnNEGATIVE
L) 1S ™ME PRICE PAIB For CLASSIFVIN G-

AN OBJERVATION| BEWONGING TO ClasP qu As G .
EPE = BELL(G G ] = |
= Ex Zg, LG, GO (6, %)
> AGAIN T SUFFICES ™ MINNRE EFPE  POINTWISE

C—(X\ = ar%wﬁhseg Z’:f'-'\ L(S’(I 3) - B ((}k IX:X)

witHq 0-1 woss FUNCTION Tz SINDPUFIES TV
G(x) = arqmin, o L1-F (g |Xsx)], e
C(x) = Sk I+ F"(C}l{IX:X) - W‘“Xge(} P (%‘X:X)




[LAYES CLASS|FIER - WE CUAISIFY To T™HE NosT
PRORABLE UALS , VSING THE C(ONDIMONAL  ( DISCRETE)
DisTRIBUTON Pr (6] X -

BA1ES RATE - ERROR RATE oF TME Ravcy CWALSIFIER

fUPPOSE  FOR A TWO-CLAMt PROBLEN WE M4 TAKE N

THE DUNNY - VARANRLE APPROACH AND (obEp G
v A RINARY Y

{X) = E(11%) = P (6=, | X) .

ANOTHER WA OF REFRECENTING THE RAYES QLasiFeR

CURSE OF bIMNENSIONAU ™

d=A0

UNVF oY
. ’3',’ éT" DATAM 0L 1 '
0 A 01020100 08 10
LNE\GHEORHoob AL B

IN TEN DIDENSIONS WE NEEP To CougR  80%
OF THE RANGE OF EALH COORDINATE Ty (APTVRE
{0% OF THE DATA.

CONSIDER N DATA POINTS UNIFORNLY  DISTRIRUTED
IN A p- RINENSIONAL UNIT BALL CENTERED AT ORIGIN

THE MNEDIBN DISTANICE. FRON ™E ORIGIN TO THE
CLOSEST DATA POINT 18 [IN p- DINENSIONS)

d(r N = (1-(3)™)"
Fok N=500 , r=10, 40 N)% 0.52.
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EXAM : NAILOLY)  StredovE voend

HENCE MoST bAaTA POINTS ARE CLOSER TO THE
ROUNDARY OF THE SANPLE  SPACE THAN IO
AN OTHER DPATA POINT.

SUPPOSE WE HAVE 1000 TRANING SANPLES  X;
FENERATED  UNForny oy [, 11, Assune

V= $(X) = e-8&lixN?

~AWE  USE /] - NEAREIT-NEILHRoR RULE TO
FREDICT Yo AT x,=0 .

DENOTE ™E TRAINING sET R T .
MSE (<) = Eq ($(x)- )'z
= B (B Ex(@)) 4 (BEc ) - $0a)* =
= Vor_(%)+ Rias? (\ﬁ,)

= NAY- VARWNCE  DEConrosmoN

SN LARGE DINEngloNs P TvE NISE REACHES
LEVEL NEAR 4.0 , WHERE RIAY  SIGNIFIGANTY) DONINATES

SurposE THAT Y= XTR + ¢, €~ NI(o, )
AND WE. FIT THE MObEL v (EAST SQUARES ,
FOR AN ARBITRARM  TeST ROINT WE HAVE

A A
o= Xs B = xT P+ Z‘?:,\ Ci(x,) &,

-4
WHERE L) 15 ™vE i™1 Eenent of  X(XTX) " x,
3 LEAST SQUARE ESTIPMATES ARE UNIRWSED

EPE(x) = Euixe Br (Yo- % )* =
EYo\Xo E’C[ XJBi' (Y‘,*Xo-r’\)"‘ E;‘?o + ET:Q" = ‘?o ]’l -y




Eure | BB~ Ec ) + 2Eo(0B-Ecd L
FE(Bch- ) + Be(B)] -
OB -Eeh) 4 B (Bed-0) + By (X8
- Biqsz(YAa) + Var,c (%) + Vor [\{o|x°) =
= O+ B (XTX)'xo t o

THERE 15 NO Blas, VARKNCE DEPENDS ON X

—
—

N

IF N 1 ree, T veRe SEEGEp AT ranbon, E(X)z0
Ny EonPE(xo) = Wl(r/N) + 0t

ITATISNCAL NODELs, SYPERUSED EARNINL
AND FUNCNONL  APPROXINATYON

O ... SET OF PopAnETERSS

CEAST JSQUARES ... NININIZING THE  RESIDVAL Sun OF €0
RSS3(O) = Zut, (i - $o(x))> |

MaXINuN CIKELIMO0D ESNNATNON

SUPPOIE WE HAVE RANDON SANPLE v; , =N
FRoN A  DENSIT Pro (%)

THE LOG -PROR. OF THE
L(B)I Z,E\l_._q (Og Pre(‘n) — ORSERVED sanpL

THE N0ST REASONARLE VALUES FOR O ARE THOME

FOR WHILM THE PrORABILIMY OF THE  ORSFRVED
SANILE IS  (ARGEST

po—
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EXAM: NAILD2Y  J1rojoE uch\li

~

LEAST SQUARES ROR THE APPITIVE ERROR

MobEL Y= So (X)+ €, €~ N(0, )

IS EQuIvalEnT TOo MxINuM LIKELIMODD  VSING
Pr( 1%, 0) ~ N (§5(X), o2)

T™HE LOG - LIKELIHOOD It : ~ R .
L(9) = - %‘%(2")‘ N log o - -9%‘;1{'”:4 (‘lf‘fe(s«))L

fvtnnomal LIKELIHOOD  For THE REGRESSION
FUNicmoN P (GIX) FR A Quaummmve ouTeuT (F
Pr (G=0, 1 X=x) = fo &), k=1,., K.
LOG -LIKELIHOOD (= CROSC~ENTROPY )

L (63 - E’?:« (0313'.’ @LX,‘)

STRUCIURED REGRESSION MODE(S

CONSibER THE  RYY  CRriTeERiON -
—~ N
RIS = Zi (i - S\
- DININI2ZING  LEADS T INFINITELY AN SolvTions,
IN  ORDER "o 0BT USERUL RESUTS TOR FINNTE N[,

WE NVST  RESTRICT YHE EQGIRLE So(wTonE Tv A
SPALLER. SET OF FUNCTIONS .

CLASSEs OF RESTRICTED ESNMatoR

= RSS (0)

@RovGHr\Ess PENALTY & RAYESIAN NETHODS
PRSS(§: X) = RSS(5)+ A J(8)

(. PENALIZED  LEAST - SQUARES CRITERION




THE  USER-JELECTED RuNicTioNAL J(F) Wikl RE

LARGE  FoR  FUNCMONS § THAT VARY] TOO RAPIDLY
OVER SrwllL REMHONS OF INPUT JPACE .

CUBIC SNoOTING SPUNE  FOR  1-DIN. INPYTY :
PRIS (8; XY= Zi (% - 36 )™ + A L3160 12 dlx
(2)KERNEL METHODS & COAL RE (RESSION

KERNEL FUNCTION Ky (Xo X)) AssioNg  WEIGHTS
T POINTS X IN A REGION; AROUND Xo

GAUSSIAN  KERNIEL K)‘(Xo,\q = %QXF [_ MZ]

B
NAavara4A - K/ATION WEIGHTED AVERAGE ( KERNIEL ESNNATE):

F0a) = (BN K (k) %) /(28 K (uex))

LOGAL RECRESSION EsmnrATE oF §(x) A5 £45 (o)
WHERE @ NININIZEY

RIS (§g, %) = T, Kx(xo,x.-) (‘r;- Solx))*
J'B(X):Go ... RESuLTY N THE NAMMVA-WAHON EsMna™™
So(x) - B+ 0, x ... PorULAR LotaL LNEAR  RECRESSION Mop,
THE NETRIC FoR k- NEAREST - NEIGHEBOR .S
Ke (%) = T (M- %1 £ gy - %11
X - TRANING - ORSERVADON RANKED k™ IN disT. FRON X
@ RAS1S FUNCTIONS & DPICTIONARM r\;'Emoms

THE NOPEL ForR § I8 A UINEAR EXPANLION OF BASIS F.
’[Q(’() = szt Ow l"m () <ot

!
LINEAR SPUNES (PNC) © b=t k()= X, o by 03 (x-t0),
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EXAM: NAILO2A Strovors uoewy

RADIAL RASIS FUNCNONS ARE SYNNETRIC

P-PINENCIONAL KERNELS LOWATED AT PARTICUWAR
CENTROIDS .

}E)Kx): :':1 K)\m(d““l)() Oh
2
GAUsSSIAN  KERNIEL Ky (6‘""\: ieqlx-é«u /I

~RADIAL RASIS FUNCTIONS HAVE CENTROIDS M, ; SCALE! A,
SPLINIE BAs)S FUNCNUNS HAKE KNOTS

INCLUP NG THESE  AS PARADETER: —
CONBINATORA{LLY HARD NONUNEAR PRORLEN

MOPEL SELECTION] AND T™HE
RIAS - VARLANICE TRADEOFF

SPOOTHWG  (CONPLEXITY) ParRanNETER

= TE NULTMPUER OF THE PENALTY TERN
~~ THE WIDTH OF THE KERNEL

— THE NUDBER OF BAS(S FUNCTIONSC

CONSIDER k- NEAREST NEIGHAOR REGRESSIoN FIT i (o)
Anp MobeC f= §(X) te, E(e)z0, Var(e)=z 2
FIX VALVES x; IN THE SANPLE

P G s ELL B 1X ] = o M8 or To)
- 0+ @:F(@k (X.)\, + Vaur,c (@k ()(o@:
LI CAE iﬁl{ﬂ{(XUL\Y + -‘-;

E’C gl\ (xv) )

A k vaRIEs | THERE )5 A BUS -VARIAN(E TRADEOFF




PREDICNoN,

ERROR

/I\

&— —_—
MGH Rla} LOw RS
Low VARIANICE HIGH VARIANICE

\/EST sor LE

TRAINING SANDRE

, NobECL
Low HICH ConrLeximy
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ExAM: NAILOLY $Trojovd Il SN}

LINEAR PETHODS OF REGRESSIVON

NPUT VECPoR — XT= (Xq, .. X, )

WE ATSUNE nODEL  §(X) = P+ J0, Xy R

THE VARARLES X; &N CONE FRON DIFFERENT SOURCES
- QUANMITATIVE INPUTS

~ = TRANSFORNATONIS OF QUANTITANVE INFUTS
— BASIS EXPANGSIONS

— NUNERIC (DUPMYY) CobING OF THE (EVELS OF QUAL. INP.
= INTERACTIONS BETWEEN] VARIDRLE

TRAINING DATA (x4, 14) 4 -, (3, ¥y)
Xz (qu,-..,X:,)T --. VECTOR OF FRAINVRE DEAIURENETY
ESTINAMON| NETHID @ LEAST SQVARE}
X .« Nx (p+1) Mamix ... ™ ROW = (40 xi)
X - N-veroe oF ovuTs 1In THE TRANNING SET
RS (P)= (¥= XRYT (% - XB)
ORSY . _oxT(y-XR) IR - oxrx
1L B dNT
ASSUNE. ... X M4 FulL COLUPDN  RANK = \&T% > 0

5 X (4-XR)=0 ?sf (XTx)™" XT y

PREp) (TP VAWES AT INPUT [ECTOR X,

@(xo) = (1, %) R

FITTED VALUES AT THE TRAINING INPUTS

P2 XR= XXXy, fs fla)




H = X(X™X)'XT ... MAT mMTRIX

ColLVNN V(RS Or X S,aNl A SUBSPAGE OF RN
we MNINIzE  RIS(B) = Ny-XXRIZ B1 cHoOfING k
S> THAT  y-4 IS ORTHOGONAL TO THIS SURSPACE

ASSUNE TMAT THE ORIERVATIUNS v, ARE

UNCORRELATED AND MAVE CONSTANT VARWNLIE 62
X X;

> Vor (R)= (¥X)™ rt B

A N A
'P'l' (:1(% -Y\\l

¢l AN RE E(MMTED A) @ 02 3
E(Ft)= o2 .
P
SUPPOIE Y= Rot Loy X3 By +€, t£~NIo, 2
S A~ N(R, (XTX)" 0.1\ Li\;yxxrl;;;‘:m
(N'P'\\ VN 'qu.q-r-'\ —(
ﬁ,&z ARE  INIDEPENIDENT R
R VSED TO TEsT H4YPOTHES.,
Z: = — )

~ L
J N‘l”\ . o
(7% vas i H,: RB3=0

- ,' -
FSTATUSTNS F:(KSS" RS$ )/ (ro k) Frﬂ,,
RSS, /(N“f‘\"‘\ N-p, -4
R§S, ... RESIDVAL Syn OF {QUARE FOR T™E

LFAST SQUARES Flr OF THE RICGER NOdEL
WITH p+] PARANETERS

RSS, ... —h— SPALLER POPEL, Fo+ PARANETRRS

. [
FOR AR(E N : tN~r-1 » N(O\ﬂ) EP‘""N ™ 9(1’«- Fe
~Pr-4
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EXAT™: NAILO2Y STReIOVE  UTEN

1-21 CONFIDENCE )NTERVAL FoR B¢
LU0 L0-0)
(B~ it v, ) 8y )

248 -2 PEReenmC OF tN-p (or N(oy1)
z(170-01) o 9.3
2170000 oy (45

.~ oo

/\

APPROXINATE CONFIDENCE $ET For R} :
Gz TR (B-p)T XX (R-R) ¢ &2 %3,
=7 CONFIDENCE JET For THE TRUE FuncTloN: xT. C,

GAUIS - MARKO  THEOREN
THE LEAYT SQUARE ESTFATE OF Q= a™P s
Q=d'flz of (XTX)!XTy Surrose X 15 FIxXED)
~TR 13 UNBWIED, SINCE
E(af)= of (}XX)'XTXR = o'
THE GAvss - TlhRKOV THEQREN STATES THAT |F WE
HAE ANv OTHER LINEAR  UNBWSED  ESTITWTOR |
(-): dy FOR o3, ™EN Vor (aTM VVar (C’ﬂ

MSE (§) = Var (6) + LE(8)-01

HOWEVER, THERE Mat WELL EXUST A RIAED
ESTMAT™R WITH  SNALLER MIE .




MNULMPLE REGRESSION  FRon  UNIVARIATE REGRESSION

UNWARWTE  (p=A) LINEAR NOREL @ Y= XB+¢
ﬁ: M ; = Y-xﬁ,
<X, x>

SUPPOSE THAT COLUNNS X4,..., % OF X ARE ORTHOLONAL
> fys SN2

17 Zx; ) %3V
RESIDVAL VEC.:
" - A_<a, b> A
REGRE'S b oN q" = ConruTE 9"<au,cn> ap - gpa R
GM'\-QGHNDT PROCEDVRE :
1. ZO: XQ b ﬂ.
2. dor J:lbop do I SIUN

Al REGRESS X3 ON Zgyo)Z5, 9‘3‘<l(.20
: : A
b 25 & X5~ %52

> _ <z, ¢ 2 e
RESVLT: B,: <z:,'z,3 7 Var(Br3=4zﬂz,>
_ X _r X UPPER  TRIANC .
X=ZT / Z"(’Ov-wizl’\/ = (w(j) A TATRIN

SUPP0SE P pAGoNal raTRIX Djv:l\zall' %3:« v9
X =2ZD)or)= QR .. OR-DEONPosMON
> A=R'Qy, §: 0¥
MULTIPLE OUTPLTS
Y= XB+E , ¥ ... NxK REsPonsE  PatRIX

B.-(rM)x K ™MARIX OF PARANETERS

RSS(B)= £rL(%-XB) (Y- XR)
LEMT SQUARE ESTVWWKTES @ B= OX"XY"XTY

e e peey.
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EXAM: NAIL02Y StrovovE vben!

SJURBSET SELECTON

REASON S

= PREDICNON] ACLYrRAM : THE (EAIT SQUARES
OFTEN HAVE Low RI8y RUT WAR(GE VARIANCE

- INTERPRETATION| RSS
A. REST - SURSET SELECNON ]‘\=\§o
~INDS FOR EALH ke [0,... ¢} T™E suRET —

k
O SIZE k THAT GIVE] SPa(EST RESIDUAL

SuUN OF SQUARES .

ALGORITHMN : LEAPS 4AND BOVNDS (FEASIBLE FOR P< 40)
TME QUESTON OF Now Ty CHoosE k INvoLues

THE TRADEOFF BETWEEN RWS AND VARWNCE |

T™HE AlC RITERION 1S A FOPLULAR ALTERNATIVE

2. FORWARD. AND BAKKWARD- STEPWISE SELECTION
FORWARD ~ STEPWISE SECECNON = STARTS WITHq THE
"7 INTERCEFT , AND THEN SEQUENTIAUL ADDS INTV
THE NODEC THE PREDICTOR TMAT NOST IMNPROVES THME FIT.
BACKWARD - STEPW/ISE  SECECNION ~ JSTARTS WIT™ THE
FULL NORECL , AND JEQUENTWUY DELETES
THE  PREDICTYUR, THAT M4t THE LEAIT INPACT ON THE FIT.
(LE. THE VARWBLE WiTH THE SN4UEST Z- SCORE )

THRINKAGE. NETHODS

1. RIDGE REGRESFSION - SHRINKS THE REGRESSIONS
COEFFICIENTS D1 .INPOSINIG A PENAUM ON THEIR SIZE




N r ;
. YA
B =~ |
A\20 ... CONPLEX(T PARANETER

INPUTS  ARE NORNALLT  §T4NDARDIRED
WE ASIUNE CENTERING, 1E. X My r CoLunwg

RSSO = (v-XpY (v~ XPY + X P p
2 A s (XTXCH AT) Xy
2. THE (asse (= BASIS WRIUIT) ~

flasso - a,.g,,{,m [ g(\f; - By~ QZ'Z X3 M\z ]

susgeEer To UL IRy 4t

L No intERCEPT)

L, RipLE PeNALTY 13 REPXKED WiTH Ly (aysp rENALTY
DRANMC PROGRANNI M0

= RS i ELE,,/——-” LEAIT" SQUARES

CHRINKALE FACTOR  § = t/z;llﬂ,j\ ESMAATES  ((FULL NODEL)




4 19.01.2010 Ty
/‘4 PETER GERNIO
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L INEAR, METHODS FOR CLMSIFICATION]

DECISION. BOUNDARIES ARE UNEAR

SupPoSE THERE 4RE K casses (4 -, KY), A
THE FITTED LINEAR NODEC FoR THE kT INDICATUR
REJPONSE  VARIARLE (S ‘?k (x)= fg}o+ﬁka.

THE DECKSION BOUNDART RETWEEN clayr k Anp {

SRR NOER IR (Mo - Reo)* (B=Re)x = OF
€. AN AFFINE ST OR MYPER RANE. .

() DISCRINMNANT  FuNCON S J, (x) PR EAWM CLAIS

CLASSIFY X TO THE QA Wimy TuE LARCEST VALUE
FOR ITS DISCRIMINANT FUNICTWON

() POSTERIOR PROBARILTMES B (G=k | X=x)
WE REQUIRE THAT SONE NONOMONE TRANSFORNATLON
OF D OR Pr(G:L\X:x\ RE CINEAR |,
FOR INSFANCE, FOR TWO QUASSES
Pr (G =1 | X=x) = =2 (Ro t RTx)
A+ exp (Bot+NTx )

A 1
Pr ((,2 'L)X: X\ = 14 exp (Ro+ RTx )

MONOTONE TRANSFORMAMON| @ LOGIT TR, QOQLF/U‘P)]

Pr (G—:] ‘X:x) - T
( 2 R+ DB x
09 [ Pr (G;’L'X: X\ ] B

S DECISION pouNDARy  Lx | Be+Bx =0t




LINEAR  LOGITS NETHODS -
~ LINEAR PUSRININANT  ANALMS (s
~ LINEAR LOGIATC REGRESS lOWy

EXPLILIT NODEWING OF RQUNIDARIE D :
~ PERCEPTRON( (ROJEMBMTT 1335, SEPARABLE TR.SET)

- OTT“\'!ALL\" &EPGRAﬂN(J H"IFERPLAI\IE_ (V*‘N’Nlb(l 133(,‘

L INEAR  REGRESSION OF An INDIGATOR. TR 1%

EAMH OF T™E RESPONAE CATE(ORIEY ARE CODED =
VA AN INDICATIR  VARWBRLE

§ may K wants , THERE aRE K INpicators U
1 3
Wit s g g#t

Nl LS ensiee 1 |

INDICATOR  RESPONSE ngTRIX Y MAS SINLLE 1

WE FIT 4 UNEAR REGREISION PopEL :
9= X XXX, X Nk (F+1) MODEL nATRIX
B ... (m1)xK coerricienT naTRIX

CLASSIFICATON OF X
1) ConpuTE T™HE FITTED OUTFUT g(x)- ('\ XTH%

2) G(X) - argmaxke% ;SL (%)

(Assvne  t=¢, )
A NORE SINPUSTIC APPROACH -~ CONSTRUCT TRRGETS &)

THE  RESPONSE  VECTOR  v; LiT{ Row oF V)
FOR ORSERUATION { h4¢ THE WWE Yzt 1F g, =k.

WE FIT THT  UNEAR NopeL
ming i, W= [(4,x7) BT
CASSIFIUATMION ‘@mz arywin I5(x) -t
PRORCEN : K23 ) CASSES &N RE NQIKED RY OTHER}
R
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—

LINEAR DISCRININANT ANAM S (S

SUPPQSE 5( (X) 1S THE CA)S ~ CONDITYONAL
DENSIM O X IN ctats Gzk K
M -~ PRIOR PRORARILITY OR ceass k, & mo=

M T™wE RAYE} THEOREN :

N L s
kX ex) = R

CUPPOSE THAT WE NODEL EAWY CLASS DENS ™
AS  PulMuaRATE  GAuss gy -

> =20 )" (x - g )
3L (x) T ENTAS c X -0

LINEAR  DISCRININANT  ANALTIIS  ARISES
IN THE SPECIAL CasE wHEN X, =&, Wk

Pr(C:L]X;x) - o 5.0
Pr(GotiX=x)  ° ke
S oy T o L ()T () ¢ X (e )

AN EQuAT™oON; LINEAR 'W X.

- (03

LINIEAR  DISCRININANAT  FUNICAONS
- T<1- log ™
)z X 70 - SR T Tk

ARE AN EQUIVALENT DEC(RIPTION OR THE
DECISWON RULE | Witk G(x) = orgmax, 0, (x)




IN' PRACNCE WE DO NoT KNO\W THE PARANDETERS
OF T™E Gavsuians DUTRIRUTIONG, AND WE WwiLL
NEED TO E(TnaTe THEN USING ODR TRAINING DATA:
JA)
T = Nk/'\) / Nkm NUNBER 0OF CLAIS~k DRIERVATION

AN
238,20, 4 Bi-d) (- AT/ (N-K)

LOGISNIC RECRESS(ON

.

... TO POPEL POSTERIOR PRORARILIMES OF THE K CLA3SES
Va LwEAR FUNCTIONs v X

(oy Prifad | X=x) Rao + By x
Pr (6=k| X =x)

(03 P’—(.G.: K~1 ')Q'.XX = B(k‘“o t BT(-A\X
P" {(rl K‘ X:X)
;4 SINPLE (ALCULATON  SHOWS  TUAT

Pr (G‘:L ' X:X) . e xp (Rl()‘l- REX) ‘ Lﬁ',---,k“
1+ Z.K;', exp (Byg + PO X

1
(- exp (Bto La ,2( )

PARANETER SET O = [ By, By} -, R 1 Bis ]

we pEnoTE  Pr(GK| Xs=x) = R(x; B) .
THE  LOL- L'KFuuoou FoR N OBSERVAMONS 1€

((9)* QOg Py ( L ())

(62K ) X=x) =
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Persrn Cepuo
EXAN: NAILD2LY CTRoDOE LSRN
CEPARATING MUYUPERAANES
\r % AFFINE SET L
X bEFINED 1Y
L Dotpx 2 O §)= P +PTx =
,5*

|. FOR ANY TWO POINITS X1 AND X, Lamngg IN L
P (x-%1=0, > B*=n/unl LL

2. For ANM POINT % W Lt PTx,z =R,

3. THE SIGNED  DISTANCE OF ANM ron\rr x T L:

*T RTx ~ X
& Xo) = nnu'( M) IIS'(XH\ S

2 ) 13 PROPORMONAL T THE SIGNIED DISTANCE. RN x

ROSENRATT'S Perterron LEARNING  ALCORITHN

TRIES T™O FTIND A SEPARATING NYPERPLANE
MM MNINIZN G THE DSTANCE O0F Mi(CLACSIFIED
POINTS TO THE DECSION ROVNDARY.

A RESPONSE  YizA (yiz) 18 MisAAssIFIED
IFF xi B+ B, <O ( >0).

THE  GoAL S TO MINIMIRE
D(Bn po): ~ 2'(6\/\ Vi &X;r');.‘. '\9\

M INDEXES THE CET OF DISCASSIFIED FOINTS .




T™E GRADIENT (AScomiNG M Is F"\(ED) IS

OD(B’BQ) - ”2‘ Y' X; QD(P,BO)
oh gy = O Ro
THE ALGORITHN pSES

= = Zic-,}\ ¥

STOUHALTIC  GRADIENIT DESCENT
= RAT™ER THAN CONPYDINI( THE VN DR THE CRAMENT

CONTRIBUTIONE OF TAW OBJERVATION FOLLOWED BY

A STEP IN ™E NEGANVE DRECNON, A STEP

IS TAKEN AFTER EAW{ ORSERymMON 1§ VOITED.
MISCLAIFIED OBJERVAMONIS  4RE VISITED IN SONE .
SEQVENCE , AND THE PARANETERS 1 ARE UPDATED VW

R R VeX; ‘
r.,b\ & (n) + y( ‘\‘i') ;% IS THE CEARNIN( RATE

IF THE CAISEr ARE  LINRARY SEPARAQLE , M CAN

BE SHOWN THAT THE  ALGCORITMN (ONVERGES T A
SEPARATINIC HUMPERPLANIE N A FINITE NuNRER Ok STEPS.
PROBLEN] :

- WHEN) ™E DATA ARE SEPARABLE, THERE. ARE
NMANM  SQLuTion s

- THE "FINITE" Nunger OF STEPS CAN RE VERY (ARGE
- WHEN THE DATA Arp NOT SEPARARLE ,. THE

ALGORITHA  WILL NoT  CONVERGE | aND  (UCLES
DEVELOP ,
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OPTIIAL SEPARATING HUYPER PLANIES

SEPARATES THE TWO CUASSES AND MAXINIRES
THE DISTANCE. TD THE CLOSEST PONNT FROAN
ETHER cass  (VarNik, 139¢).

OPTINVZANON  PROALEN :

MmAaX

~ BB, |IRN=A (%)
SURJELT TO VY, (X;TBi'Ro)ZM , =1...,N

THE JET OF CONDIMoONIS ENSURE T™AT AUL THE POINITS
ARE AT LEAST A SICNED DISTANCE M Fron

THE DECIS|ONy BOUNDaR DEFINED By R ANp B3, .

WE CAN GET RID orF T™HE  |IDI[=] CONSRAINT
B1 REPLAUNG THE CONDIMONS WITH :

Ao (v >
~ g BWRR) 2 M

(WHICH REDEFINES R,) , OR EQUIVALENTY :
i (xTR+ D) 2 MRy

SINCE FPoR ANY DN AND [, SANMSRYING  THESE
INEQUALIMES | AN PosiTvEL) SALED NULTIPLE
SATMIFES  ™EN 7o, Wk N seEr RNz A/M
THus () 3 EQuivalLENT TV - B
 min 2RI (ex)
B, Bo

| o [z ¥ | (=1,..., N
B SURHEWLr TO fi (X( N+ D\')) 2 /\ l '




THE CONSTRAINTS (¥%) PERINIE AN ENPTY
SIAR OR NMAR(GIN ARIUNP TME CLINIRAR DECIS(ON

BOUNDARY  OF THICKNESS A/NpI.

= CONVEX OPMNIRAMON PROBLEN
THE (ALRANGE FUNCTION To DE NINLINIZED W.RT B3\ By :
_ A 2 _ sIN . T
Ly = 20Nt = Z 0 i [ (X BfRo)-'1]
SETING T™E  DER\VATES 7o zsno/ We ORTAIN :
N
rs: ZF:I °Li Yi XI

(1)

O - 2,'1\:1 °<-i \fi (Z)
SUBSDTVING THESE INTO Lr WE ORTAIN]

Jo-MLLED Woure DvaL (3):

N

THE SOLVUMION) IS OBTAINED R naximNG Lp
IN T™E POSINVE ORTHANIT, A SWNPLER  CoNIVEX
OPNNIRATION PROBLEN. |N, APDIMON THE SoluTon
NUST SAMSEY THE  KARUSH - KUHN-~TucKer CONPITIONS :
(0, @), (Y, Anp G LY (T R+ R,)-11 20 Vi
FRon THELE Wk OWN SEE THAT .
iE L50 TN TP+ B YA D
X; 13 ON THE ROUNDARY OF THE SLAR - SUPPORT PO INIT X{
1= N (XTR+R) >, xi 15 NOT ON THE ROUNDARY
OF THE Sap ANp «; =0
THEZ OPMNAL  SEPARANIN(G HMPERPLANIEZ  PROPVCES
4 FUNCNON $(X)2xTR+ Ry ForR Classieyine
NEw ORIERVATIONT ¢  G(x) = ¢ign §(x)

e e .
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EXAT : NAILD29 Smroaove’ voenS

RASIS EXPANSIONS AND RE(YARIATION

DENOTE  ha (X): R > R THE Wy TRANSFORMNATION
ON X, wm=A,.., M THEN WE nNobeg:

S(X) < z:}:« rS». l'\h (X\
A LINEAR BASIS ExPANlION N X .
~WIDELT UJED EXANPES OF THE h,, :

A ha (X) = X, y =1 p RECOVERS THg' ORIGIN4( NODEL
b ha (X)= X5, ok X3 X, Alows Us To 4vCunENT

THE INPYTI WITH POLMNONAL TERNS TV ACHIEVE
HIGHER -ORDER  TayLorR EXPANISIONS .

a hw (X): (og (Xj\, {)_(-j, NX\, --- PERnnj OTHER

NONILINEAR TRANISFORNATION S

d) hn (X) = I(LM Z X, ¢ U,“\ AN INIDICATOR FoR

A RELION OF X . |

USEFUL FADILIES :  PIECEWIE -~ POLINON ALY, SPUINES,
WAVELET RACES , --.

DicnongrRy D ... CONSISNN. OF TYPICAL A VERy
LARGCE NUNRER | D] OF RrAS)S FUNCTION

METHOD FOR CONTRILUIN G THE CONMEXITM OF OUR NobE @

(1) RESTRICNON NETHEPY ~ WE DECIDE BEFORE -MHAND
O LNIT  THE Class OF FUNCTIONC

(2) SEWEON NETHOpS - WE APAPTWVELYT SCAN
THE  DItTMoNARY AND INWWRE ONCY SIENIFIANIT hw

(1) REGUWRIRATION DETHODS - WE USE THE ENTRE
DICTIONBRY, RuT RESTRILT THE C(OEFFICIENTS




WE ASSUNE THAT
PIECEWISE  POCINON /LS X 1S ONE-DINENSIONAL

WE DIWDE T™ME pongin OF X INTO CONDNVOUS
l\ITERVPfU’ AND REPREIENT § BY 4 SEPARATE
FOoLANIONKL N EAWH  INTERVAL .

a) PICEWISE CONSTANT (= OrRDER-1 SH_»ME)
ha (X)= T(X<E), mX)= (4 e X< 8) ,
hmet (X)= T (Sw2 e X< 50, ha(x) = T(E, ., & X)
L) PIECEWISE LINEAR st ‘
we Neep To app h (X)) I(.L) X

-

¢) PIECEWUSE LINEAR , CoNmNupus @ (= oxoER-1 SPLINE)

h (X)=1, wO) X, w(X) = (%), b ()= (X5,

te® mac (0t) , & ... KNoTS

d CURIC SPLINE -~ PIECEWNE-QuBiC FoLINonALL
(ONTNVOUS ,  WITH CONNNWOUS FIRST AND SECOND
DERIYATES AT THE MKweot§ : (T ORDER-4 SPUINE)

h (X)), W (X) 2 X, (XD Xk X)s X,
s (X)= (- 5), ke 002 (5,
) ORPER M. SPUNE WITH kNoTS 85, 3=1.-.. K -

PIZCEWISE - POL1NIoNwL OF ORPER M, wiTH CONTINYOUS
DERIVATES UP T0 DORDER IN-2 :

hy (X) = X3, G2, 0 D
bt (X) = (X= 5 )™ = K
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EXAN: NAalLD29 STrodowe uleNS

§) NATURAL UBIC SPUNE - AbPS  AbDIMONAL

CONISTRAINTS - FUNCTMoN 18 LINEAR BEMOND THE
BOUNDARY KNOTS .

A NATURAL CurIC SPOUNE WiTH K KNots IS
REPRESENTED R4 K BANS  Funthons .
Ne ) 21, Nu(X)2 X, Ny (%) 2 de (%) = dyeq (X)
~ A () = X8k - (X-30)d
SK - S |

MULTIDINENS [ONAL  SPUNES

SuPPosE X € |R:Y AND WE HAVE A RASIS

OF FVNICTMONIS l"'\k(x")' k=4,.., M, ,

L’zkb(z.] , k= 1,..., M, .

THEN THE  Pyx D, DINENSjohgL TENSOR PRODUCT RASNIS

DETINED 15 gy (X) = hey 06) - by ()
AN RE USED For REPRESENITING A4 2-DiN. FNC.

g(x) = 7 I 2 0395 X)




KERNEL 3SNOOTHING NETHoDS

A ClLAss OR REGRESSION TECMNJ(QUES THAT
AIEVE  FLUEXIBILIT™  IN ESTINATIN G THE REGRESSION
FUINeON $(X) ovER T™HE DOnNARg  RM Ry FimhNe

A DPIFFERENIT BVUT 3INAE NODEL SEPARATE (T

AT TAWH QUERY POINT X, . THIC 1S bong By
USING ONUT THOSE  ORJERVATIONSE CLME TH THE
TARGET POINT Xo Ty FIT THE SINPLE Nobet . -~

KERNEL Wy (g, xi ) oo ASSlens A WEICHT To x;
BASED ON 4 DISTANCE FRON X,

FMENQRY ~ BASED NETHODS
REQUIRE. IN PRINCINE LITRWE OR NO TRAININ G \Wu %)

THE NIOBEC I THE ENTRE TRAINING DATA SET

ONE - DINENs10NAL  KERNIEL SNOOTHERS

K- NEAREST - NEICHBOR AVERAGE | 2
N\
§(x) = Awe (‘{; | %; € N, (X\)

THE AvERAGLE CHANGES \W 4 DISCREDT. 'wm,
LEADING ™ A DU ConTINUOUS f()()

NabARA1A - WATS 0N KERNEL -WE(GHTED AVERA(E -
Bixe) ¢ 2 Kn (%o, %)
u"\:j\ K X, Xi \
WiTH  EPANEGINIKOV  QUADRATIC KERNEL( :

kA(Xu,X):D(‘,‘E‘i—X-gl) O b(t) = {%Ou-tt) 1)< 4

OTHERWICE
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ADAPMVE NEIGHBORHOODS - FOR  K~NEAREST NE|GHEOR)
WE HavE  hy (%) = |Xo-xcuy |, Xpq - kTH CLOSEST x; To X,
ISSUES

- THE SNOOTHING PARANETER X HAJ TO RE DETERNINED
-~ DETRIC WINbQW WIDTHE by (%)

= OBRIJERVATIONI WTEIGHT]

-~ ROUNPAR+Y ISSUES - THE PETRIC NE|CHBORMOODY TEND

~ TO CONITAIN LESS POINTS ON THE ROUNDARIES , WHILE
THE NEARE(T - NEA\GHRORKMOODS (KT WIDER

CONPACT SVPPORT  FOR. WERNIELS :

EraNEGNkov KerNEL .. D(t) = T(1-t2) 1444
TRI-CUBE KERNEL ... D(H)= (1-1k1?)® )¢ ¢/
NONICONPACT KERNEL ¢

CAUSSWN KERNEL ... D(t)= ¢t) = EA.TTE"‘

LOCAL LINEAR REGRESS(ON

TOCALLN WEIGHTED AVERAGES CAN RE RAPLY BIAJED

ON THE BDBOUNIDARIES OF THE DOMAIN, RECAVSE
OF THE ASSMNNETR] OF THE XERNEC N Twsr REGION.
DY FITTING STRAIGHT CGINES RATHER THAN CONSTANTS
LOALM , WE (AN RENOVE THU RIAS RXACTL
To FIR{T ORDER .

LOCALLY  WEICHTED REGRESSION (OLVES A SEPARATED
WEICHTED LEAST SQUARES PRORLEN AT EAW{ TRREET POINT Yy

N
mn 2K, (% X ) Lyi- 404) - Blxa)x 1
d(%) , B(xp) ! '

THE ESTInaTY 1§ THEN g("o\ = ib‘o) t ﬁ(xo) Xo




DEFINE bO0T = (4,x), B BE T™E REGRESSION
Matrix Wity it Row b(x)T,  AND> W (x)
e NN Duconvae namrax , Wi (k) = K, X 1 %),
= $ )z b(x)" (RTWE)B) RMW () ¢ =

B Zn'\:'\ G (%) v
LX) .. SO-UALLED RUIVALENT KERKNIE(C

LOCAL POLINlonIBL REGRESSION -

Ny ; |
mi : - - : J
ey §Kx(xo,x.)[n 1 %) %M%)x.}

5:1,...,d
with ESPMTE $ (%) = L) + ﬂ;‘:, iy () x5 -

LOAL UINEAR FITS TEND TO RE RWIED IN RECIONS
OF C(URVATVRE OFf THE TRUE FVNCNON,

A PHMENONENON REFFRERED To AS TRINNING

THE MILLS 4Np FILUING THE VAUEvS .,

LOCAL QUADRAMC REGRESSION IS CENERALL
ABLE TO0  CORRELT THIS§ Rwjy

- LOCAL ULINRAR FITY AN MELP Brs DRAMTMICAULLY
Ar THE ROUNDARIES AT A NODELT COST IN VARWNCE
— LOCAL QUADRATIC FI\TY TEND TV RE NOJT HECPFYL
IN REDUCING BWS DVE T0 (VRVATYURE IN THE
INTERIOR OF THE DoNAlIn,

~ ASMNPTOTIC ANALSIS SVGEST THAT LOCAL POLYNONALS
OF Obb DEANREE DONINATE THOJE OF EVEN PRGREE
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EXAN: NAILD?23 STrROTovE VOENY

SELECONG THE WIbTH OF THE KERNEL

~ FoR EPANECHNIKOV OR TR)- CUBE KERNEC , A 1§ THE
RADWS OF TWE SUPPORT REGION

~ FOR (AUBSIAN KERNEL, X % ™E STANDARD DEUANON

- M I3 THE NVMBER k OF NERREsT NEICHBoRS N k- NN

IBAS - VARWLWNCUE TRADEOEF

~ IF THE winDOw ¢ NARROW, $(x,) 15 AN MERAGE

OF A JIMALL NUNBER OF Yi CLOSE TO X, , AND /TS
VARINCE wilL BE REWTWEWM LARGE . THE AlAt

WILL TEND T™v RE JNALL. .

~ IF THE wwpow It WIBE, THE VARIaNCGE OF  §(ka)
WILL BE SMALL, REGAUSE OF THME EFFE(T OF AVERAGING |
THE BAS WILL RE WRLER

LOAL REGRESSION N R

LET L(X) RE A vEcTor oF POLINONIAL TERNS 1IN X
UF MAXINUN DEGREE 4. AT Facy Xo € RF  SoLuE

o 24 (0, %1 (% - b Ga)T B x))?
Xe) =1
70 PROBUCE THE FIT : ngo\; L,(X‘,)T ﬁ(’“\

KX(XQ[X\ - D (nx;x.\\)

FIRAT WE  STANDARDIZE EALH PRED) (TOR ,
LOCAL REGRESSION RECONEY (ESS USERUL IN RINENSIONS
NUCH MIGHER THAN TWO /THREE . IT 1S INPosS|RLE

TO SIDULTANTOUSLM PaiNmmNn LOMNESY (D Low Biay )
AND JIZEAQLE SANPLE N TNE NEIGHS. (D Low VAR.)
AS THE DIN.p INCREASES, witHouT N INWSAING ~exp (p).




STRUCIVREDp KERNELS

_ WE USE A FOoSMVE SENIDERINITE PaTrIX A
TO WEIGH DIFFERENT (OORINATES :

Kna (Xo,x) = B K(“‘Xo\fli\ (X- %) »

CTRUCTVREP REGRESSION FVNCTON(

VARAING COEFFICIENT MODELS ~ WE DPIADE
THE p PREDICTORI N X N0 A SET (X1 Xq), 147,
AND  THE REMAINDER OF TE VARIARES ... Z

WE THEN ASSUNE THE CoNDITHNAUY LINEAR NodEL
$X) =2 L(Z) + By (2)Xa + -t By (Z) Ky
FOR GIVEN £ THit 13 A UINEAR NOBEL .
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EXAM: NAILO2ZY STrodove, veEN

MODEL ASIESSNENT AND  SECECTON |

THE  GENERAUZATONS PERFORNANICE. OF A LEARN IN
METHOD RAATEY TO  ITS PRED) CoN/ CAPARIUYT
ON INDEPENTDENT TEST DATA.

RIAY, VARIANCE ANp  MOBEL CONRLEX)T

"NE HAVE. A TARGET VARWRLE Y, A VZCTWR

OF INPUTS X, AND 4 PREDICTION MODEL §(X)
THAT HAY BEEN EITINATED FrRon A TRAINMNG SET T .
THE Loss FuNChony FR NEASURIN (G TERRORS
BETWEEN Y A §(X) .. L(Y, $00)

TIRCAL [HOICES © SQUARED ERROR, ARSOLUTE ERROR

TEIT ERROR (GENERALRATION ERROR) - Is THE
PREDICTON ERROR OVER AN INDEPENDENT
TEST sapre Beps E[L(Y, 3(X)) | T

WHERE Roty X anp Y ARE DrawN  RANDONGY

FRON THEIR  0INT  DISTRIBUNON (PoruLATON )
T 15 FIXED .

EXPECTED PREDICION ERROR ( EXPECTED TEST ERROR) :
Err = ELL(‘(,sL)(\H = E[Err@]

TRAINING ERROR I8 ™HE AVERA(E (0SS OVER
"THE  TRAINING  SAMPLE. @

& = -,1\]-2';1 L, S0

/




TRAINING FERROR S NOT A COOD ESTMWMTE
OF THE TEST ERROR. [RAINING ERRoOR

(ONISISTENTI| DECRRAMES WITH NopEL CONPLEXITY

SUPPOJE A QUALITAMVE OR CQATEGORIAL RESPONSE (-
TAKING ONE OF K VAWES IN 4 ST G, LAGEED 1. K,

TYPiaW! WE NOREL THE PROBAGILITES

P (X) = P+ ((r:k,)() (OR 30NE NONYTONE
TRANSFORMMo NS §, (X) )1 AVP THEN: ~
G ) = arquone, £ (X)) .

T™RIALC LOSS FUNICDON(S :

LG, 600 = I(64 6) (01 cotr)

LG, 61) 2 -2, T(6:k) o8 (X) =
= =2 (03 F/"G(X\ (~2x LO(',-UKEUHOOD\

TEST ERROR Err,[. = E(L(G—, C(X)) \'C)

Err ... ™E RXPECTED MISCAIHRICATON ERROR -
TRAINIING  ERROR, FpR EVANPLE : €= 3%2::, loy ?g:(Xc\

NOPEL SELECNON) @ ESTIMATING THE PERFORMNCE
OF DIFFERENT DP®EL IN ORDER T (HO0L€
THE REST ONE

MODEL ASSTSSNAENT @ HAWNNGE CHMOOSEN A FINAL NODE(,
ESTMATING 1Ty PREDICTON ERROR ON NEWw DATA
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EXAN: NAIL 029 Strovove uleN

DATA- RICH SITVATION < RANIDONL] DINDE THE DATALET
INTo THREE PARTS : A TRANING SET,

A VALIDATON S$ET, AND A TEST SET

TRAMNING SET = VUIED Tb FIT THE NODPECS

VAUDATION SET - USEP To E{MNATE  PREDICLNON
ERROR FROR NODE( SELECMg\N]

:EST JET - USED FOR ASSESSNENT OF THE
OGENERALIZATMON] ERROR OF THE FINAL HOJEN NODE(

WE CAN APPROXIMATE ™E VALIDATION STEP :
- ANALTMICALLM (ALC, RIC, NDL, SRA)

- B EFFICIENT ganplE RE-USE  ((CrotS - VALIDATION
BOOT sTRAT )

THEZ RS -VARIANCE DE(oNro (IMON
We ASunE = §(X) +e, E@):=0, Var (€)= i}

“IXPRESSION FOR THE EXFECTED FRED|CT\ON ERROR

OF A RELRESSION FIT J(X) AT AN INPUT PoINT X,
UsiNnG SRUARED - ERROR  LO3S

Err (Xo) = E[(\" fla))) X Xo] N

2ot 4 [Ef)- §06) )t + E(§(%) - ZICANRE
S A Riat (f(xo\) + Var (S(X.\) 2

= lreenvonte Error 3 Blast + Varanee




AYSUNE THAT  TRAINING INPOTL X; ARE FRIXED |
AND THE RANDONNESS ARISES FRON THE Y,

FOR THE k-NEAREST -NEWGHBOR REGRECSION FIT ;
B (6) = E[ (4~ §00) ) | X xa ] 2
ST U(‘»)‘ %Zé, }(xm)] ' Ufz

FOR A LINRAR NODRL Fir § (%)= X"

B () = EL (1= 8, G [ X =] =

= GH4 L3 B, (e 4 )R

S Gad =X (XTXY Xy 2 ) XXTX)

ANp  Vor L§,, (%)) = 0\ hix) 12 o

> % %En‘ i) = o ¢ %I%'U(Xi)‘ﬂ(“:)]l t

T
'l:l\ NOE
NOTE : Rl -VARWYNCE TRADEORF REHAVES
DIFFERENTY] FOR (-1 LOSS THAN 1T "POE}
FOR SSUARED ERROR 10((.

OPFMNIsn OF THE TRAINING BRROR RATE

GWEN & TRainiine SET U= S0q4a), -, (xny ¥ )
Te GENERAUZATON ERROR OF A Nopel & s

Erre = By o [LLYY {1 T)

T 15 exeEp, TE PonT (X% Y0 0 A NEW
TEST DATA FOINT, ObDRalwN FrON F, THE
VINT by rIBUTION OF  THE. DATA .
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EXAN: NAIL02Y  STrodoi® Leen!

AERAGING OVER TRAINUNG SETY YIEWS THE
EXPECTED ERROR

A
Err = BEg By LL(1,£00)1T]
MOJT NETHODS EFFEMMUVELY ESPNeTE ™E  EXPECTED
ERROR  RATHER THAN E.

TYRLAML, THE TRAININC ERRQOR
A

QW‘ < K] Ny L(Yi, 3\(\.)\
WILL RE (E3s ™Ay THE TRUE ERROR Errg .
- A
IN- JANPE ERROR By, = N %EYO LL(Y (i) IT]
— i=1
OFNMIsn  op = Erryy - &FF
AVERAGE OPPNISN W= Ey (op)

THE FREDICTORY IN THE TRAINING SET ARE FIXE),
ANID THE EYPELTA:‘\ON IS OVER TR. SET OUTLONE VALUVES.

AN ORVIODS WAy To ESDMATE PREDICTON ERROR
5 To ESNnATE T™E OPMINIgn AND THEN Add 1T
T T™HE TReINM(- ERROR &7 . (G, AlC, RIC, )

CRO3S - VAU DANON ; BOODTSTRAP NCTHoODS ARE
DIRECT ESMMTES OF THE. EXIRA SANFLE ERROR Erv .

IN- SANPLE  ERROR 1§, NOT USUALLY OF DIRECT INTEREST
SINCE FVUTUWRE VALVES ARE NOT UKEQY TD (OINCIDE
WiTy THEIR TRAINING SET VAWER.

BUT IN-SADPLE  ERROR |1t (ONVENIENT FoRr
CoONPaRISAN RETWEEN NODEUY AND OFTEN L(EADS
TO EFFECTIVE NODEL SELECTION].




ESTMNATES 0F  IN-SANPLE  PREDICNON; TERROR

AKAIKE NFORNgNoON CRITERION  (A1C)

GIVEN A \ET OF Mnobew  §a (x) INDEXED
B4 A TUNING PARADETER 4, RENOTE BY
&rr (1), d () THE TRANING ERROR, NIVNRER
OF PARANETERS FOR TAWHM NODBEL(.

ThHE FuNChoN  AlIC (L) PRonDES AN EJDMTE
OF THE TS§T ERROR CURVE , AND W FIND

THE TUNNIN( PARADETER £ THAT NININIRES IT.

THE RAYESIAN APPROACH aANjp RIC

THE  BAYEIIAN INFORPATON CRITERION] , UKE  AlC,
IS APPLIIAMMLE N JEMNGE{ WHERE THE FITRING
s CARRIED OUT B4 PaxINIanoNl OF A LoG - LIKEUIHOOD ~

BIC Q) = = [0 4ty NY - ﬁ‘.(_*_l&; |
£
Fo)x NODEL SELECTON PURPOSES, THERE 1§ NO CLEAR
CHOICE RETWEEN  AIC aNd RIC .
RIC 18 ASSINPTONWALL)  CONSISTENT A A4 JELECDoN
CRITERION - (IMEN A FAnlly OF NODELS, INCLUDIN(-
THE TRVE NODEL , THE PRORABIUTY THAT R1C

witL YEUSCT THE CORRECT DPODEL APPROACHES ONE

A} THE SAPPLE $1ZE N9 e,  THis 18 NOT ™E
CASE FoRr A\Q, WrieH TENDS TO CqOOJE NODEUL

WHICH ARE TOp CONPLEX A; N— o




4 4 21.01-20f0T),
G PETER. CERNO

EXAM: NAILOD2Y  STrRovowe VEENS

(Rross- VaubAaTion

PROBARLY  THE SINPLEST  AND NoMT WIDEC) USED
METHOD FOR ESTMATING PREDICNON ERROR. THIs
NETHOD DIRECTY ESTWTES T™E EXPECTED EXTRA-
SAMRE  BRROR - Errz ELL(Y,§00) 7,

~ K-FOLD CRoSS-vAUDATON

WE SPUT THE pATA INTO K ROVGHL] EQuAL-S$I2ED
PaRTS . TOR ™E kTH PART = WE Fim THE

TODEL To T™ME OTHER K-A1 PART: OF THE DATA,
AND CALCULATE TWE PREDICTION CRROR OF THE
FITTED MODEL WHEN PREDICTING THE kiH PART.
WE Po ™5 For k=1, ..., K AND ConpiNE THE
K €SDMATeEs OF PREDI(NON TERROR.

~ET ks U N o U, KY B AN mpExive
FUNCNON, K() = PARNMON OF (TH OBSERVATION

§-%(x) ... FITTED FWCTMON witopT kTH rARNTMON

CROS- VALIDAMIN  ESTMATE OF PREDICNION ERRQR:
£y~ 4 yIN Ck(i
CV(&)—;\'— f:iL(Yi/ § H)(xf))

THE WHE KIN 15 KNOWN A4S (EAVE -ONE-puT
CROSS—VALpANON, k(i) =i
GIVEN A SET OF NIDELS S , £ - TUNING PARANETER,

WE Hopte & < arg win v(d,).




ROOTSTRAP  NETHOD S

THE BOOTSTRAP I8 A (ENERAL TODL FOR ASIESSING
STATIsSTMIAAL ACCURACY .

LET ys DENOTE THE TRAINING SET BY Z-= (24,...., ZN)
WHERK  2; = (x;,y;). THE BASIC IPEA (§ T
RANDONLY DRAW DATAIETS WITH REPUAENENT
FRON THE TRAINING DATA | EAGH SANRE (SDATASET)
THE SANE SIRE AS THE ORIGINAL TRAINING SET. -
THIS |1s DONE B MNNEy = 13 BOOTSIRAP  DATAJETS . -

THEN WE FIT THTZ RODEL ™ RAW OF THE ROOTITRAP
PATASETS .

LET S§(Z) RE AN1 QuaNTDTY CONPUTED FRON THE
bAtA Z (FOR Exanme, THE PREDICNON AT (ONE
INPUT FOINIT ).  Fron THE BOOTSTRAP  SANTLING

WE AN EMMATE AN APECT OF THE D1STRBUNMIO N/
OF S(Z). TorR INSTANCE,

o (s@) = gl (s(@)- 5 -
wheRe S* - 28, S(Zz*Y) /B

HOw T EST\NATE PREDIMOM ERROR ¢
A ' BN

érqmt POES NOT PROVIDE A GOOd EIMNATE
RoOTSTRAP DATASETY ARE ACTNG Al THE TRAININ (-
.SAﬂPLESI WHILE THE ORIGIMAL  TRAINING SET

1S ACTING AS THE TEST SANFLE, AND THEE
TWO SANPLES HAVE OBSERVATIONS |N CONNON.
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Pr (OB.\ERV‘A'T\ON [ €& BOYTSTRAP SANPLE L):

== (AN 2 1t = 0. 62

B Nintcking  CROSS - VALIDATION, A4 RETTER
BOOTSTRAP ESTMMMTE (AN RE ORTAINED. FOR EA(H
OBSERVATON, WE ONU1 KEEP TRAUK OF FREDICTNONY
FRON ROOTITRAP SANDTLES NOT CONTAIN NG THAT OBS.
"ET C° RE A SET OF INDICES OF RopTITRAP
SANPLES L THAT DO NOT (ONTAIN OrSERVATION (.

THE (EAVE - ONE-OUT ROOTITRAP ESMNATE OF
?REDI C(hoN ERRoR 1S

m- iﬁ‘

WE LEAVE OUT THE TERNS ~ CORRESPONIBING 10 lC 1= 0
AE L (632 EsTNAtoR ¢ EpleR) o Agerr + (3L Enr®

b
lC"l 4 L (v, §xk (x; ))

FOR NMANY ADAPNVE , NONUNEAR TECMN/I QUES

(LIKE TREES) ESTMmMoN OF T™HE EFFE(TWE NUNRER
OF PARANETERS 1§ VERY DBIFFICULT. TH)g MAKES
METHODS LIKE AIC IMPRACMICAL AND LEAVES LI

WITH CROSS~ VAUDAMON OR ROOTSTRAP A3 THE NETHODS
OF CMolICE,




TMODEL INFERENCE AND  AVE RAGIN(,

THE BOOTSTRAP METHOD DBEIJCRIBRD ABVE , IN WH((}!
WE SANPLE WITH REPLHLENENT FRON THE TRAINING
bAT™, IS (AUWED TNE NONPARANETRIC ROOTCIRAT.
THI3 REALLT NEANs  THAT THE NPETMOD 13 "Nopg ~FREE" y
SINCE 7T USES THE RAW DATH.

CONSIDER A WARWTMON OF TWE BOOTITRAP, CALLED
THE  TARANETRIC RBOOTITRAP, IN WHICH WE

SIMVATIL NEW RESPONSES B ADPING GAUSSIAN
NOISE T0 TNHR PREDICTED \ALUES :

¥ C"'\\ (xi) +€°, ¢~ N(O, &1\,‘ (=1,-. N

THIS PROCESS IS ReEPEATD R Nnes, THE
RESULTWI( DATAJETS HAVE THE FORN (Xn‘f'x),---,(YN,VJ\)-

IN' GENERAL, THE TARANETRIC BOOTSRAP  4¢rimy
Wity nAXiInun UKEUIHOQD .

MAXINUN LIKELIHOOD  INFERENCE

FIRST WE JSPEUFY A PROBARIUTY  DENSIT
OR PROBABILITY MAaSs

2 ~ 9p(2)
O ... ONE OR MORE UNKNOWN FARANETERS

A SO-CMLED PARANETRIC NOdDEL FoR Z
EXANPLE : For Z ~N MMV'L\ wit HAWE 91((‘41""\

-3 2/
AND 36(2)3m€ =

FUNCNON  FOR OvR ORSERATION)
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LIKELIHoOD Funcnon @ L (O, 2Z)= TTiy 96 (1) |

WE THWK OF | (©,Z) A 4 Funcmon oF O,
wiT™ OuR bAatgs Z FIXED.

DENOTE THE LOGARITHN OF L(B,Z) AS
((@/ Z): Zn';a Q(Q;Z() oy 2:;‘4 Q°D SB(Z‘\
A 30 -MLLED LoG - LIKELIHoOD .

THE NEMOD OF MNaxinyn UKEUHOODd CHOOSES
THE VAWE § wHitd naxinizes L(O; Z)

SCOR\;_FU.NCNC&: ELB,Z): T €(0,21)
WHERE L (D,2i)= d¢(0,2;)/20
WE ASSUNE THAT THE CLIKELIHoob FUNCTION

TAKES 1T MAXIAUR IN THE INTERIOR OF THE
PARANETER SPA(E, 1.E. (9, 2Z)= 0 .

~HE INFORMTMON  ™ATRIX -

o N @2( /2.‘)
I®) = -Z5 &beam

FISHER INFORNaTION ( EXPELED INFORNATION) :
((8)= Ep[X(0)]

LET 60

DENOTE T™HE TRVE vAwE ofF D.

THE SANPUNIE  DUTRIBUMION ©F THE MAXINY N
LIKELIHOOD ESTNATIR MAS A LINITINIG NORNgL DIsT.
Q= N8, i (D)) As N

THE SAPPLINIG DT or § WAN RE APPROYINATED R
N(8,i(8)) ok NI I(B) .




RAME N NETHODS

IN THE WAEs|aN APPROACH To INFERENCE , Wr
SPECIF1 A wanruNg NDODEL  Fr (Z l@) FOR

OUWR DATA GIVEN] THE PARANETER: AND A PRIOR
DI¥T™RIBYTYON  FoR THE PARANETERS Pr (G)
REFLELTIN(C  DVR KNOWLEPGE AgoyT O DERORE

We JEE THE bATA . WE THEN conruTe THE
POSTERIOR DISTRIRUTWN ~

Pr(B[Z): Pr(Z|0).Pr(9)
JTr(Z10). Pr(6)40
WHILH REFRESENTS OUR UPDATEDL KNOWLED (E
ABour () AFTER WE JEE THE DATA.
THE POMTER|OR DMTRIBUTION] ALSO PROVDES THE RASIS

FOR PREDICTIN( T™E VALYES OF FyTvRE ORSERVATON
"W, via TyE  PREDICNVE DISTRIBYTION :

)D'_(Z_ncw|23 - [ Pr(Zhele). Pr (6'2)49 ~

IN CONTRAST,  ™MaXinunN  LIKELIHOOD APPROALH WOUD VSE
Pr(2™|©), ™E Data DENSITY EVALWATED A1 THE
Maxinun  LIKELINEOD ESTNATE , TO PREDICT FUTVRE DATA.

IN GAuSSiaN MODEW | MAXIDUM  UKELIHOOY AND
PARANETRIC RoOTSTRAP ANALCISES TEND Ty AGREE

W DAvEsian  ANALMSES THAT USE 4 NONINFORNATWE
PRIOR FOR THE FREE PARAPETERS. |MIs CORRESPoy -
DENCE A0 EXTENDS TO T™EF NONPARANETRIC CAIE,
WHERE T™ME NONPARANETRIC ROOTITRAP APPROX! NATES

A& NONINFoNWNVE  RAvEs Anayqsis.
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Tve EM ALGorimiN

... 1S A POPULAR TODL FOR SINPURYIN( DFFICYLT
MAXINVM LIKELIMOYOD FROBLENS.

SuprosE ¥ 15 A MIXTURE OF Two NIORMAL DILTRIRUNON§ :
\f ”N(G“q, ), l\/ N(d“urll)
”‘Y:(’FA)Y,JrA Vo , WHERRE A A Alt (m)

LET B (x) DENOTE ™E NORMAL DENS 1T Wiy
PARANETERS D= (M, 072}, THEN THE DENSITy or Y Is:

3¢ ) = (-m) g (1) + T Pg, (+)

UNKNOWN TARANETERS  ©= (M Q4/B)= (7, g, r. )
THE LOG - LIKECTHOOD BASED DN THE N TRAINING (ASES:

L8 2) = Zi5 tog [(1-m) ¢y () + 7 g () ]
DIRECT MAKINMN OF L(8:2Z) 1S QUITE bIFFICULT

NVAER| WAL, BECAUSE OF T™E Syn OF TERNS
NS IDE THME  LOGARITHN.

A SINPLER  APPROALH : CONSIDER UNORSERVED (ATENT

VAaRPRWES Ap 0 IF A= ™MEN Y cones
FRON NODEL 1 , O™ERWSE Frpn NODEL 2.

T™EN T™E OG- LlKEuH00b wouLp RE :

(O(G Z’ A) Z" '[ A \(0% ¢9 (.Vl) t Aj (‘39‘_(“1))'\‘
*Zu [(/‘ ~4; (OQU m)+ A (ovéﬂ']




> THE PAXINun  UKELIMopy RTSTMTES OF
M T (gn) G2 RESL) WOULD RE THE CanPE
MEAN 4ANP VARIANCE FOR THOSE DATa Witk ;=0 (aiz4)
THE BSTMMATE OF T WOULD 3 ™E TROTORTION OF 4;,
SINCE T™E VALVES OF A} ARE UNKNowN, WE
PROCEED IN AN ITERATIVE FAIHION, SURSHTUTINI G-
EOR TEA(H A; I3 EXPECTED VALUE :

¥ (0) = E(Ai |9, Z)= Pr(a;A ] ® 2Z).
ALSO CALLED RESPoNSIBIQTY OF NobEC 2 FOR OBY.
EM ALORITMN  FOR  Two- conpoNeENT Gavssang  Dix.

A. TAKE INIPAL GURSEES FoR THE PARANETERS O
finy i - CHOONE Two OF THE 'fi AT RANDON
6,2 =G5t = OVERALL SANFLE VARANCE N (v:-T ) /N
T™E DIING PROPoRTIONI CAN RE STARTED AT 7 =0.5 .
7. EXPECTATION STEP *  CONrvTt THE REJPONSIRILIMES *
= WKTHL (24,; N )
(- 1) P, () + Do, (1)
3. NaxiNi2anoNn STEr CONPUTE WEIGTED NEMG & VARION(E:

A a";"\ (1'5)()\f~ &2 LI‘ SiL k\f{'ﬂq\l

B

& N (- 80 T ZN(1- 8

N A o .
A L 3 ¥ 6‘.17. = Z.: 6’i (‘1.’ ‘d‘z\z
a0 i‘:\‘) ﬁ’i N A

i 7
MIXING  PROBARILITY 11 < Z;';'\é\»f/N :

b4, TERATE sTErs 2. AND 2. UNTIL CONVERGENCE .
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>AGGING

HOwWw TO WE ROQTSTRAP TO IMPROVE THE ESDIWTE.
OR PREDI(TNON ITSE(F:

(ONSIDER  FIRST THE REGRESsIon] PRORLEN . Suppose
WE FIT A NOPEL TO DUR TRAINING PATA

Z = {0uM) -y Ongty) ], OBTAINING THE PREDICTON
“(X) AT INPUT X . BOOTSTRAP AGGRECATING

OR RAGLMNG AERAGES THIS PREDICTION OVER

A COLECMON OF ROOTITRAP SANPLES, THERERH
REDVCINIG I1IT3  VARWNCE .

FOR EACH BOGTITRAP SADPLE Z*‘°' b=12..8
WE FIT Our MNODEL, GlNG- PREDICTIOM §* (x).
THE RBALGING. ESMMTE -

S E %ZE, §* (%)

‘N FAUT, THE TRUE BAGLING ESTNATE 1§ DEFNED
1 Ep I* (x) , WHERE Z* = (x¥y1), .., (v 19 )
AND EALH (X, ¥¥) ~ p

BAGGING CAN  DRAMTI(AUY REDV(E THE VARINCE
OF VUNATARLE PROCEDURES CIKE TREES |, LEADING

™D MPROVED PREDICTIQN|. [TORE STARWE PROCEDVRE)
LIKE NEAREANT NE|(GHBORS ARE TYPICALLY NOT
AFFECTEDd NvCH R RAGLIN G .




MODEC AVERALING AND STALUUIN G

WE HAVE A SET OF C(ANDIDATE Nobtlt My, m=]. .. M
FoR OUR TRAININCG SET Z . S\)PPO.SE S e SoNng

QUANNTY OF INTERE\T, FOR EANPLE, A PREDICNON
§(x) AT SONE FIXED FEATURE VAWUE x .
THE POJYTERIOR DSTRIRLUNMON OF & 18

Pr($1Z) = 20, P (S1Mn,Z) - Pr (] Z)
WITH POSTERIOR NEAN .
E(512)=2NE (3) M, Z) P (M]2)
Thts RAYESIBN PREDICNON 1S A WEIGHTED AVERALE
OF THME INDIMIDUAL PREDICTONG , WITH WE(GHTY
PROPORDPONAL TD THE PASTERIOR PrRoOB. OF EAU4 NODEL.

GIVEN  PREDICTONS 3&0.»--. (), UNDER SQuARED-
ERROR LOS§, WE CAN SEEK THE WEICHTL W= (wh,oo )

SULM T™AT Wz Argmin Ep [‘f- %‘m 3.,0(\11 .

HERE THE INPUT VAWE x s FIXED Anp THE N
ORSERVATMIONS IN T™ME DATASET Z (AN THE TARGLET “1\
ARE. DISTRIBUTEP ACLORDING To P.

T™HE Sowﬁm\l IS POPULATION LINEAR REGRESSION
or ¥ on F)T= (€000, Sn00).

HOWEER , THE POPLLATIONI LINEAR RECRESS(ONI

IS NoT AVAILARL\E .

—~
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LET ’é\;“' (¢) BE THE PREDICMON AT X, USING
MOpEL M, APPLIED T® THE DATASEY wimH ITH

TRAINW ¢ OBYERVATION  RENOVED. THE STAUKINC
ESDMAMTE OF THE WEIGHTS :

/\d. z
\' wst - N i Zﬂ[‘{ é% $m (x.')] {
W =1
~THE FINAL  PREDICTION 1§ Z{:‘:. i, 5t f,“(x).
B9 VSWG  CROSS-WALIDET meDICNONS $2 (%)
CTACKING  AVOIDS GIVING UNFAIRWY HigH WEIGHT
To NODELS WITH HICHER (ONPLEXITM.

RETTER RESULTY CAN RE ORTAINED Ry RESTRICIN (-
THE WEI(HTS TO BE NONNECGANVE , AND ™0 (un Tv )

T TRACTABLE QUADRATIC PROGRANNIN( PRORLEN ,

STOCHASTIC  SEARCH : RUMPIN (-

BUNPING UIES ROOTSTRAP $aANPLINGG TO NOVE
RANIDONLY THROVGH NODEL 3PACE. FOR PROBLENS
WHERE FITONG NETHOD FINDS MANY  LO (AL
MINNA , BvnPING (AN HELP THE METHOD

TO AVOID GETHN( STUCK N POOR SOLUNVNC .

WE DRAW ROOTSTRAP . SANPLES 2, ..., 2*® anp

FIT OUR MobEL T ®alM : $**(x), bL=1,..., B .

WE THEN CHOOSE THE NODEL ™AT PRODUCES

THE SMa(LESsT PREPICNON ERROR _ OWER DRIGINAL TR SET

D: argmin 335, Lt~ 34 () ]2




-~

| ADDIMVE MobELL, TREES , ...

GENERALIRED ADDINVVE ﬁObEL:
EC\’\X“---, Xr) z oL+ 5'\0(4)‘*‘..-1— Ir (Xr)

WE FIT EALH FUNCDON USING A SCATYERPLOT
SMOOTHER | AND FROVIDE AN ALCORITHN FOR
SINVLTANEDUILT ESTADPNG ALL P FUNCNONS .
ADDITIVE LOGISTIC REGRESSIONS NODEL FOR TWO-Clafg —

CLASS IFICATON - REPLACES EALH UINEAR TERN
MM A NORE GENERAL FUNCTNoMyAL Forn

(°3 (%\ = At 5 (X)) § ()

IN GENERAL, THE CONDIMONAL Nean M (X) oF
4 RESPONSE \{ IS RELATED To AN ADDITNVE FUNCTION
OF THE PREDICTDRS VIA A UNIK FuNCNON )

pLob)]= dt bk vt 06)

:Mq M ... IDENTDTY UNKK, USED For LNEAR AND
AbbImve NODELS FOR (AVSSIAN RESPONSE DA™

9() = Loyit (M) OR §(M) = probit (w) ... PROBIT LINK,
VSED FOR NODELLN( RINOMAL PRORARBILINES
rokit () *F g7 ()

O(M) = Log () FOR (oG- UNEAR OR LOG ~AbdbmvE
rMobELs FOR POISSON  COUNT DATA
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EXAM: NAIL 019 Smrodoie wdeny

A INPLE  ITERAMVE PROCEDVRE EXISTY FOR FINDIN
™E SolvTon. WE SET 2 zave (i), AND IT

NEVER (HANGES. WE APPLY A CuRIC 3N0QOTM N €
SPUNE 84 To THE TARGETS {*fv.'z‘-z,uj N
AS A FUNCNoN OF Xij, TD ORTAIN A Ngy EsTin.
THIS 18 DONE For  EACH PREDICTOR
THE ESTWATES {3 § TARILIZE.

J -
IN TURN, UNMIL

THE RAWKFITTING ALt,onq For Aopimve MNeneys

1. INmAaLRE: 4 « ,%,Z’,;':’, Vi, §50)z 0 Vi3
2. CquE 2 10,

oej &85 [{'Yr -2~ Ty fk(xw)}w ]
3-;) < 3'3 - :’\, 2:14 % (X;ﬂ

/

TREE - RAasen T™METHOD S

TREE- RASES NETHODS PARTMITION THE FEATURE .
SPACE INTO A SET OF RELMNELES, AND THEN
FIT A SMPLE opEL (UKE A CONSTANT | IN EACH ONE.

CART - POWWWAR NETHOD FOR TREE -RAMED
REGRESSION AND CWLAVSIRIGATION

™ SINPUFY MBWITERS |, wE RESTRILT ATTENMON
TO RECVRIME  RINARY PARTITONS.




REGRES S{ON TREE S

OUR DATA (ONSISTS OF p INFUTS AAWD A RESPONSE |

l-E. (X:'Y")/ 1:1""|7\l1 WITH X":(XC1I"'1X‘.F).
SUPPOYE THAT WE HAVE FARTIToON T BA
REGIONS  Rq,-.., Rn, AND WE nopk( THE

RESFONSE AS A CONSTANT Cw IN EACH REGION :
£ = L, I(xeRL).

IF WE  Apopr A4S OUR C(RITERION DN IN ANy
OF THE JSUN OF JQUARES ZM (e ~ F(x))?,
T8 BASM To (EE THAT T™E REpT Con 8 'auxr
THE AVERALE N REGON Ry, :

Gz ave (¥ ] xi €Run )
FINRING  THE BEST B)NARY  PARTINON 13 (JENERALLY

CONPTATONAUY  INFEASIB(E . HENCE wWE PROCEED
W A GREEDY ACLGORITHN .

CONSIDER A SFUTTING VARWRLE 3 AND SPUT FOINT & .
Ra(3,5)= X 1X3 ¢s ] Ro(30s) {X 1 X35> 5]

WE SEEK 3§ AND s THAT SOLUE :

min | win 2, (%)t 4 min 2 (m'~<.,f]

o I G xieRy (3,5) Q@ XieR, [3:9)

. APrARENTY) &= owe (Y:]x;c-k.(t),s\), AND SIN ILURY ¢
HAVINL  FOUND THE REST $pLUT, WE PROCEED
RECRSIVECT ON EACH REGION.

TREE (RE (¢ A TUNNING  PARANETER .
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EXAM: NAILD2Y STrRodove ULAEN

PREFFERED STRATELY : GROW A WRGE TREE o,
STOFPING THE  sPLITTINGL PROCESY ONUY WHEN SonNE
MINITIUN NODE §$r2E 13 REALHED . THEN TMIy TREE
1S PRUNNED USING COST-CONPLEXI T PRUNINLIN -

T<T, - ANT TREE THAT (AN RE ORTHINED M FRUNNING T,
THAT 18, COULAPSING ANY NUMBER OF Ty INTERNAL NODES

"JE INDEX TERNMNAL NODES WITH m, REGIONS R

|T) ... NUNBER OF TERNINAL NODEY IV T

Nw\:: | {X.' GRM~& ‘

A A
C-‘M .= EZXE(’RN \{i

A NODE. INAURITY)
QMU) = f\]:‘ X; € Rom L - é\"‘yl (

IT)
Cost conrLexity crimerion Ca(T) = -.Z{ N Q,.(T) + 21T\

IDEA : FOR EAUM & Finp TR €T, whiey nwnres Q(T).

L2() GOVERN! THME TRADEOFF RETWEEN, TREE 125
AND 1TS  GOODNESY OF FiIr TO ™E bDATA

WEAKENT UINK PRUNNING : WE SUCLRSS IVE(] COUAPSE
THE NTERNAC NODE THAT PRODU(E} THE SMULLEST

PER~NOPE INCGREME N 3, N Ow(T), Aup
CONTWYE  UNTIL WE PRODUCE  THE SNGLE NODE -ROQT.
THIS GlvEy A FINITC SEOUENGE OF SURTREES, AND
ONE CAN SHOW THIL SEQUENCE NuiT CoNTalN Ta -

EsPmamon Or 4 ¢ FME /TEN -FOW)  CRoSS ~UALIDATION]




CLASS IFI(ATMON  TREEL

TARCET 13 A cmssws:wnow wreonz < U, -.., K]
LET ﬁ“k = Z’I(\f'- )

"\ XieRm

> THE PROPORTON  OF c(Arg k ORSERIATIONS IN NODE M.

WE CLAJIF{ THE OBSERVATIONS IN NODE ™ TO ClASS
k (m) = argmax, Pui , THE MIOKRITY CLASy IN NIgDE M .

. A | ‘ ) -
PISTLASHIFIATON ERROR : " Q'.GRM Tl k()= 1= sy
oM , A A\ - K A -‘\

(ﬂ\ G-l\“ ’NDE)( . ZHI{‘ Phk ﬂ,‘kl - ZL:, PMI\ (4 Phk)

CROSS-ENTROPY (PEVIANCE) @ = 2,8, Pk log |,

FOR TWO CUASSES, IF p IS TME PROFPORTON OF THE
SECOND ClasS, THESE MNEASURE) ARE :

|~ max (r.1-\°) i Lp(A-p)  cPleyp - ("-r) (03“‘?)
CROSS-ENTROPY AND GINI INDEX ARE DIFFERENTWRLE

CONSIPER 4 TWO-CLALS PROMEN WiTH Y400 ORSERUSMoNs
IN BEACH Clate (400, wop) . Suepoer:

1. SPUT = (300,400} (100, 300)
1seur @ (200,400) (W0, 0)

hoTH Ging INDEX ANp  CROSS~ENTROPY  ARE  LOWER
FOR T™C SECGOND SPUT 2 THEY SMoLd BE  USED
WHEN GROWINE THE TREE .

INTERPRETATONS OF  GINL WIDEX :  wWE Cadsimy
THE ORSERVATION To LSS k wimy PROB. f,1

=) THE TRAINING ERROR RATE = (GIN INDEX
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EXAM: NAILODYY ST‘RODQVE‘ VCENT

CATEGOR I CAL PREDICTORS

WHEN SPUTTING A PREDICTOR HAVING 4 POSSIBLE
UNORDERED VALIES | THERE ARE 21-1  POSCIRLE
PARDITIONS . HOWEVER, WIT™H A 0-1 OUTONE , IF
WE ORDER THE PREDICTOR CULASSES
THE PROPORTON FALLING IN OUTCONE CUASS 4,
THEN W AN SPUT TH(s PREDICTOR AS IF [T WERE

+N ORDERED PREDICTOR. [HIS GIVEY THE OFMNAL
STLIT, IN TERNY OF (ROSC-ENTROPY OR  GIng INDEX,
TS REJVLT MOLDS ALLO FOR A QUANMTATIVE OUTLONE
AND §QUARE ERRQR LOSY ~IF CATEGORIES ARE ORDERED
B INCREAMING NEAN OF TME OVTTONE.

FoR NMULNOTELORT OUTCONESY, N9 SVCH QINPL. ARE POSSIBLE .

ACL ORPIN TO

THE LOSS ™MATRI

AN CLASSIFICANON PRORLENS | THE (ONSEQUENCES OF

NS CLALS IFMWN G- ORSERVATMIONS ARE NORE SERIOVS
IN fONE CUAISES THAN DTHERS.

Kxl( Loss matRiX |1, (e .. Lost INCURED For

CASSIFUING A CLAyS k OrsERVATION AS clazy k' .
™Y Ly =0 Vi,

GlN; INDEX : ﬂuu k' LLk’ \%.k P

FoR TwO-ClALS A RETTER APrROALH 1§ To
WE(GH THE OBSERygNons 1IN Clalg k B Ly

WE Lm0 Qs | L(m) argwin, T3y Lo Fug




MISING PREDICTOR  ValvES

TWO APPROACHES :

(1) FOR CATEGORICAL PREDICTOR - SNPLI MAKE
A NEw CATECORY FOR “"MUsSSING®

(2) FORE  GENERAL APPROACH . THE  CONJTRUCTION
OF JSVRROCATE VARALARLES

OTHER TREE - RVILDING  PRO(CEDYRE?

THE DIsCussion ARIVE Focutes on  CART -
(CLASSIFIEANON  AND  REGRESSION TREE ).

THE OTMER FOPULAR NETHODADLY ¢  ID

AND 1TS  IATER RRSLONS ) (4.5 anp C5.0.

LINTAR  (ONBINANON  SPLITY

RATHER THAN RESTRICTING sPLITS To X3 <,

ONE N Ao Za3X5 & s
WMILE TS AN INPROVE TME  PREDICNVE POWER
OF THE TREE , IT (AN MVRT INTERPRETARIUITY .

INDTARILITY ©OF TREES

ONE NAYOR PROBLEN WM TREES 1§ THEIR "HIGH VARWNI(E.
RAGLING AVERALES MNM TREE; TO REPUCE THIS VARION(E.

(ALK OF SNOOTHNESS

Tve FWRS  PROCEPURE CAN RE VIEWED AL MODIFWATION
OF (CART PESIGNED TO  AUWRVATE THE AWK

OF  SNOOTHNIESG.

PIFFILWLTM (N C4PTVRIN ADDINVE STRUCTYRE
ALAING THE  THARS DETHOD ...
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EXAN : NAILD2Y)  Strodowe! LCEN

IN MEDICAL CLAMIFICATION  PROBLENS -

SENSITIVITY @ PRORARIUTY OF PRED|CNN( DISEAIE
GlvEN TRUE. STATE IS DISEASE

SPECIFICUITY & FRORABILITY DOF PREDICTING NON-DUBASE
GIVEN TRUE STATE |§ NON-DISEASE

ROC ... RECEIVER OFERATIN( CHARACTRR (ST IC CURVE.
T8 A CconnoNy LSED  UNNARY TOR ASSECSING.
THE TRADEOFF PETWEEN SENSINVITY AND SPECIFICTY
IT 1S A FPOT OF THE SENSIDWNY LERSUc SPECIRICITY
AS WE VARY THE TARADETERS OF A CLASSIR((APTON RULE |

PRIM : Rune HuNmne

TREE-RASED DPETHODS (For REWRESSION) PARDRON
THE FEATVRE SFTACE INTY QoY - SWATED REGIONS , TO TRy
TO MAKE THE RESPONSE AVERALES N EalH uox

"4} DIFFERENT A3 POSSIRLE.

THE PAMENT RULE INDVCNON  NETHOD (Pmn\ SEEKS
BOXEL IN WHIGH TNE RESPONSE  AVERALE IS MHIGH .

1' START W\TH ALL OF THE TRAININ G DATAH, AND
A MAXINAL 80X CONTAWING ALL Ok THE DATA .

2. CONSIDER SHRINKING THE ROX By ConPRESIING
ONE FALE, SO AS TO PEEL OFF THE PROPORTION <
OF ORSERUVATIONS , ' CHODSE THE PEEUNG THAT
PRODUCES THE HR(GHEST RESPONLE NEAN N THE
REMAINING BOX.  (THrical 420.05, On 420.4D)




3. REPEAT STEF 2 LNTIL SONE MINNAL NUNRER

OF ORSERVATIONS (tay 10) REMAIN IN THE BOX.
4. FEXpaNp THE ROX ALon( ANM FALZ, AL LoN( Al
THE REMLNNG BOX NEAN INCRRAITS .

5. STepy 1-4. GVE A SEQUENCE OF ROXEY -
LSE CROsS - VALIDAMON TV (CHMopSE A NENBER

OF THE SEQUENCE — R,

G. RENOVE THE DATA IN THE RoX By Fron muc

PATAIET AND REPEAT 2-5. To 08Ty 4 SEConD
BOX: E=T¢(.

PRIN AN HANDLE CATEGORILAL PRED|CTOR R
CONSIDERING  ALL PARDTNONG OF THE PREDICTOR

ASs IN CART. PRIN 13 DESIGNED FOR RELREISION ,
A TwWO-CLAYS OUTLONE CAN; RE MANDLED £INPW

By CObING T Ay O Ay 1. THERE 1s NO
SINPLE WAY1 7O DraL Wty K> L Qualeg
INVLTANEOLILT |
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EXAM: NAILO2Y Smrooof vOENS

MARS : MuLTwaRigTE ADAPTWE  REGRESSIONS SPLINES

MARS 15 AN ADAPTWE PROCEDVRE FOR REGRESSION,
AND (5 WELL SYUTED FOR HIGH- DINENSIONA (L PROBLENS.

REFLECTED PAR: (X-t),, (E-%)+ , wnoT t
THE IDEA 3 To FORN RERLEUTED PAIRY EOR EACH
INPUT X3 WITH KNOTS AT EAGY OBIERVED \alwE Xig .
THE CollLECTMont OF BAMS FumCTion s I1¢

Q: {(Xj’t\i-; Lt‘X3)+} te {X‘.\"‘ --—.X'\ljl

Je {1, o P}

T INp RASIS FuNETIONS | "

THE NOBEL MAS T™ME RORA 5(X\=B.,+§ R o (X)

h.“ 18 A FUNCNOW I\ ('u OR A PROPLCT OF Two

OR NORE v RN TONC ,

"SVEN A CMOICE FOR THE ha, COEFFICENTy R,

ARE ESMMATER BY Nnamzingg ™ME RSS

THE REAL ART 1 TNE. (CONSRUCHOMNI OF THE FNCS. hm (x).

WE START wmH ONLy L (X):=1,

AT EACY Sm(}E WE ADD T THE NodEl M m™e TERN
ran b OX) (X3t + Bon W) (£-%),

WHERE he € M &b (X5-t),, (£-%3), € U

THAT PRODUCES THE WARLEST DECREAIE N TRAININ( ERR.
B, Brin  ARE UNBAR (RAST spuares ESMINATES




AT THE END OF THI{ PROEDURE WE MAVE

A (ARGE NODEL, SO A BAKWARD PELEMON
PROCEBURE. |S APPLIED . [ HE TERN WHOSE

RENOVAL C4USES THE SMALLEST INICREAJE N

RESIDVAL  SQUARED ERROR 8 DELETED FRON

THE NOPEL AT AWM STAL(E PRODY CING

Ay ESTPATED REST NODSL 4§y OF EAUY SRE X.
ONE COULD USE CROK-UALIDATON TO ESMMTE X
QUT- FOR CONPUTATION4 SAVINGE THE AR PROWEDUR
INSTEAD  USES  GEMERALIZED  CROSY- VALIDATION  GLV (1)

RELNONSHiP OF MARS o CART

- REPAWE THE PE(RWUE LUINEAR RAY)S FUNCTION
B4 STeP FuNcmons T (x-t > 0), I(x-t<D)

~ WHEN A NOpEL TERM IS INvOLVED N A
FIVLTTPUATION 21 A D IDATE TeRN , IT

CETS REPLACED 1 TME \WTERACNON | AND HEN®E
IS NOT AVAILARE ROR FURTHER wruurcnow

WITH THESE CMANGES ; ™ MARS FOKW&RD

FROCEDVRE If THE SANE AS T™ME CART TREE - GROWIN (.
ALG ORITHN.

GENERALIZEN  (RO3S- VALIDATION :

Gev(ny: Bm - ()
A-M ) /N2

M(X .. THE EFFF(N/C anu,f,& OF PARANETERS :

MO\) T rtc K|, _ B LINaRyY INDEP. RAGIS FNICS. IN §\,\
c=1 K .8 OF KNoTs IN 5\
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EXAMT: NAILD2Y Stroyove  08RNY

[Booslr\;c AND AdpImVE TREES

Boosmng MemHOps

ROOSTING 15 ONE OF THE Moyt POWERFY (L UEARNIN (-
IDEAY INTRODVUCED IN THE AST TWENTY YEARS.
THE MONVATION FOR BOOSTING Was A PR O (EDURE

"THAT CONRINES TWE OUTRUTY OF MANY  TWweak !
CLASSIFIERS TO PRopu(E A POWERFYL "connTree".
MosT POPULAR  ROp SN ALGORITHN
FrREunD , Scarire (1993) - Ava Ropsr. M4
CONSIDER A TWo-CLass PROBLEN , WITH THE OUTFUT
VARWBLE COPED As VYe {.4, +11.
classiFimr  (G(X) PROPUCES 4 PrEDICHON € L1044
~THE ERROR RATE. DN THE TRAINING ANTLE

err = %Z:\Jq I(‘I’:‘{: @(xt))

EXPECTRED  ERROR RaTE ... Eyy T (14 C(x))

WEAK UAMSIFIER ... ERROR RATE Iv SLIGHTLY
RETTER T™MANI RanDON  GUESSING

THE PURPOSE OF BOOSTING (S TO SEQUENDALLY
APPLA - THE  WEAK (LAMIRICATNON  ALEORITHN

TO REPEATEDLY{ MNODIFIED VER[IONS DF THE DATA
Ny SEQUENRE OF WEEK CLSIFER (m (X), m=1,... M




THE FINAL PREDICNON |
600 = sign (Mt 2n Ga ) |

.4,,...,.Ln ARE (ONPVTED B1 TME BOOSMING  AWORITAN

TUE DATA NODIH(ATIONS AT EALY ROOSTING STEP
CONSISTS OF  APPCING WEIGHTL Wy, Wy TO

™E TRAMNING ORMERVATIONS (%, i) . (INmau w;=é,\
AT STEP W, THOSE ORFERVAMONS THAT™ WERE

MISSCLALSIFIED Ry bmq (X) HAVE THEIR  WEILHTY =
IN CREASED , WHEREAS THE WEICHTS ARE DECREAFED
FOR THOSE THAT WERE CLASSIFIED C(ORRE(TLH ,

Apa 12005, M1

1. INIMWUIZE THE ORSERyATION WEWCHTS w;:A,;, V.‘
2, FOR m=4 to M :

() FiIm A LDSIFIER G (X) ™ TE
TRAINING DATA  USING WEIG-HTS Wy

(v) CONPUTE .
err, = iz Wi I(Y 3 Gum(xi))

N
iz Wi

() ComMPuTE LW, = ?o:)( 4”"""‘)

Crrm,
3. OuTPUT (((x) = Si4n [Zj’;l, dwm G, (x)]
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EXAM: NALLD2Y STrodole verny

200sTNG 15 A Waq OF Tt AN ADDITIWVE
EXPANSION IN A SET OF ELENENTARY RASIS
FUNCMONS., [RAsIS FUNCNON EXPANSION TAKE
TME  FORN E(x) o 2,";‘:4 rg,\ L,(x,- Q)M\_
TMPIALLT THESE NODEQ ARE FIT By NININRING
A LOSS FUNCTION AVERAGED OVER THE TRAINN( (o

PATA | SuCH AV THE SQuAREp-ERROR. bR A LIKEYHOO)-
BASLD LOSS FUNCMON,

min i’,L(Y;, i’,ﬂﬂul»(\(:;’bhw

lﬁm'a’mlp L=

OFTEN THIS REQUIRES (ONPUTATIONALLY NITENSIVE
NVNERICAL OPTINMIZANON TECMHNIQUE S.
SINPLE  ALTERNANVE @ FITNWG A SINGLE RASIS FuNCDON:

r’::‘;\, 624 L (‘f;, BL(X:),Q)))

—~~

Forward Stactwise Avoimve TodeuiNg

A. Inmalze S (x)= O
2. FOR m= A € M .
() CONPUTE

[BM | D’M) = qrﬁ mih 2 L(Y;) SM-A'(X;)"" BL(X,,Q’))
' (Bly) =1

() SET $m(X)-= $inet (x) + R b (% Dy )

|.E. PREVIOUST ADDED TERNS ARE NOT NMODIFIED ...




EXPONENTIA(  LOSS AND  AD4 Roosr

WE SHow THAT ADaRoosT MA 13 EQuivaLEnT
TO FORWARD JTALEW\SE ADDITIVE DODPECL NG
VSING THE  LoSs FuncemoM @ L(y,40¢) ) = exp (-4 H“))

For AnaRoost T™E BAMS FUNCMONS ARE.
THE INDIVIDUAL  CLASOFIERS (4 (x) € $-1, 17 .

Usine THE I’XPOMEWL WSt FUNI(TMoN, ONE NUST SOWE :

(B,., n) = 0"9""7\ 3 ?XF): (5».-1 (x:) + RG—(’(:))]
(s Gn )= a’@'"ci“ ﬂ W exp Py qea) (%)
n. izq

-~

WHERE Wg('"‘ Z €xP (‘Y; 5 w4 (x;\) \

SINGE w™ DEPENDY NEITHER ON ]} NOR ((x),
\T AN RE REGARDED A A WRGHT THAT 1L APPUED
™ €Aty ORSERyAMON . ForR AN RY 0

g w,.("" Ryp (—\’L f C(X.‘\\ =

(=A
()
S LA A N P A I
Yi= G0) %3 Glx;)

= (e"-<T) Z’: v T 6() f %MN (e
ON)MM 8\”“\ IL‘\:" G(Y\)

T™HVS W =
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EXAM: NAILD2Y STrRodOVE poEN

PLUCb\kl(r ™IS Gm INTO (*) AND SOWING For R :

P (00)(4 trv-..)
WHERE err, = ZN WV T (v fuler)) 7 S, w0
THE AF?&OX!’WRON 15 THENI UPPATED -
5 (0 = S (6) 4 By G ()

WHICH  CADSES THE WEICHTI FOR THE NEXT
\TERATION] T™O  RE .

N < exr (<% S ) = 20 (8 (Sunr 61+ B G ]
= 0™ - (= B W G 0

USING  THE FaCT -4 Gw Oci) = 2.1 (14 GA%.'))%

\X/.(M) ~ \x/.w. edm I(¥i# Gulxi)) e~P-

TWHERE 4,z 2Rw 1§ THE QUANMITM DERINED AT L0\,
THE FACTOR e Pn mMuOMPUES AL WEIGHTT , So 1T
hay No BFFECT, AND 1S Euliaten T0 24d) .
ONE W VIEw  2a) AS A NMETHOD FOR APPROX'NATELT
SOLVING- THE NINIPRAMON OF  Lex) , AND HENCE  (¢).
NeENCE WE (ONQWDE  THAT  Apa RoosT.M]
MININIZES THE EXPONENTAL LOSS CRITERION|

L (4 $00) = = by §00)

VA A FORWARD - STRGCEWISE ADD IMVE NOBEUNL APPROACH.




Svurport  VEcTOR Machines  AND
FEYIDLE.  DIscrININA NTS

(ENERAURATONS OF LINEAR DECUION RO OMDARIES
FOR CLASHTICATION.

SUPPORT VECTOR ClAJSIFIER

= = In) :
SEPARAR(E  (ASE NONAEPARARLE (ME

THE POINTS (ARELED §% ARE ON THE WRON( $ibE
OF THEIR NARGIN pq AN ANOUNT i’g
ON THE CORRECT SIDE HAWE g;:o

= M§3 , PO INITS

THE TMARGIN (M) 15 mavinized  SURJECT T
A TOTAL TRUDGET 2.%5) L CONSTAWT.

OuR  TRAINING  DATA CONSISTS OF N PARS (%, 44) 1 -
ena Y ) wimy i€ RP and i € {1 417
DEFINE A HYPERPLANE. 81 {x | §(x) = xTR+B, =0},

WHERE. DI . A COASSIFUAMON RULE INDUCED py §(x)
5 B(x): sign LB+ 1] {
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EXAM: NAILD2Y StrodovE ey

THE JEPARARLE CASE CAPIVRES THE FOLLOWIN(G PROB. :

max M sypET T Yi(X;TB’rPuo)ZN Vi
n)nol “B”:‘l

WHICY 18 EQUIVALEN TO :
’:n;;m RN wedsar ™, (X;TB+B°\ 2 1
VY |

~1A M= 1/0R0 . (ConvEX  DPPIRIRATION PRODLEN

SUPPOSE TMAT THE Classrs OVERLAP 1y FEATVRE
sPAce.  ONE WAY1 To DEAL WITH THE OVER(AP IS
T MXINRE ], BT AWOwW FoR SONE ROINTE TO BE
ON THE WRONG SIDE OF THE NAR (N .

DEFINE THE Stk VARWBLES 8= (§,,... §y).
TwO NATURAL WA1S

M N (XTR+R) 2 M-, 5 SEAD To
S
Tl 0T RER) 2 M- ) SOLUmoNs
¥i §:20, T8 £ coNemanr

THE FIRST C(HOIGE o) RESULTY IN 4 NoNCoNVEYX
OPFPNI2ATION  PRORLEN, WHILE THE SECOND b)
IS CONVEX .

T™E  vAluE i; N TNHE  CONSTRAINIT Vs (\(,T R+ Ro\ k4
2 M (1-§) & ™E PROPORTIONA( ANOUNT BY
WHICH PREDICNONY FALL ON THE WRON( S/DE
MISCASIFIATMON OCWRY wHEN  §i > 1.




EQUIVALENT FORN :

; -t W
Min \]Bn SURDJECT TO { Ye (Xt B+ Ro\ } 4 §. V

020, 24 £ consANT

CONPVTINIG THE SUPPQRT VECTOR CLALSIFIER
CONPYTATOMALL

IT |S CONVENIENT TO RE-EXPRESS
THE FRODBLEN IN mr EQUWALUENT FORN:
M(rs’“‘" Yy g,

SUBYELT 10 [ ;"‘ (xR +\:l3o\2 1-£: ﬂ

/[ (= | TUNININ ¢ 20 ; -~
PARANETER,

THE SEPAMQLE CASE  (ORRESRUMNIDS 0 C»

|
THE  AGRANGE (rmm) FUNCTYON 1§
|
S ANBIR Y CZ 4 = G [w (pen) - (-5 ] -
= (X |
- § Y ,  WMILH WE DWWNIZE WiRT. B By § _\
SETING THE RESPE(TIvE DERIVATES 10 2ER0
B: 2:‘,‘ 'Li chl ~
-~ 2;\:4 '(' Yl
C' Mi V?

'(,‘ | CM." S" _}0 Vl‘

1 SoRANTVING THESE INTYO (p  WE OnTANy
THE UM:KAN LN (WOLFF) bUAL  ORECTIVE. FUNCTION

LD'Z/* ‘12{,;*& Y(Y\ X{ X

1 ('

WHNICH  GIVES A LOWER BOUND ON THE ORY.FNI(. (%).
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EXAMN : NAILO2Y  Strodoe uieEn

WE Maxinie Lp svedea v 02 44 C
D I Aivi=O. IN apbmon.  THE

KarveH - Kubn- TUCKER  CONDITIONIY  INCLYDE ¢
4Ly (X,Tf’s'r R - (1- S.\)] =0

- Mi$i=0 Vis l-a N
(™ O BER) - (1-5) 20

TOUEMER THESE EQuATIoNs UNIQUE(Y CHARAUTER RE
T™E SOLVNMON Tp THE PRINAL AND BUAL PROBLEN.
THE Sonow For N MAs T™E Forn

A N

R 22 aix

(=A
A

WITH  NONZERO COEFFILENTS 4i ONW FOR M-O)E
ORSERVATIONY { FOR WH{CH THE CONSTRAINTS
Py |
N (3)  ARE ExA1 NET. (bue To (4))
THESE ORSERyATON ARE CALLED THE SUPPORT
VECTORY =~ SINCE ﬁ S REPRESENTED I TERNS
OF THEN AWNE .  ANONGC THESE SUPPORT VECTORS |
SONE witL UWE ON THE EDLE OF THE MAREIN
(Qs:O) ; AND MENCE 0K 2.' < C.

TME RENAINDER (€;>0\ HavE o = (.
Fron (1) WE WN 3EE TMAT ANM  OF THESE.

MAReIN PoinTy (0 ¢ & §: = 0) can BE USED )
TO 3soLVE FOoR R, . Drasion FNC: C(x): Sio [$00)] .




SuprorT VE(OR Mackines  Anp  KeErnsw

WE CAN MXE THE PROCEDVRE NORE FLEXIRLE

B1 ENWVIRGING T™E FEATURE SIACE  USIN G

RASIS EXPANJIONS SucH Af Potnon (S

OR SPUNES:  hw (X)) ™M1 M,

WE CAN REPREJENT T™E OPTINRATMON PROBLER

AND 1TS  SOLYUMON IN A SPEUAL Way THAT

ONW INVOWES THE INPUT FEATURES Vig ININER PRODUCTS .
THE  [AGRANLE DVAL FUNCMON HAy TME FORN :

NN
Lp = é{i B %2{2 i Lie Y Yy <hix) l*(X:'\>

= (=

AND  FRON  RB= ZLN Liihi) WE 0N SEE TaT
)z R R+B, = 2.:3. 4 Y <hi(x), h () + B,
Z> WE Do NOT NEED Ty STEUFY THE  TRANFORNATION

h(x) AT ALL, RUT REQVIRE ONU\ KNOWLEDE
o ThHE KERNEL FNCDONT KOox') = <h(x), h(x) ) .

~

 TH~ DEGREE  PoLtNonwL @ K(xx') = (4+ <>?,x‘>\"
RADIAL BASIS = K (x,x') = exp (-2 Nx-x1?)
NEURAL NETWORK @ K(%x') = tanh (K, <x%'> + Ka )
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EXAN: NAILD2Y  STrRo>OVE. LaenT

Repucep - Rank LinearR  Discranisuang AN

SUPPOSE W MODEL EACH CLAVS BENLIT Al
MULNVARIATE ~ (GAusSig

-1 A ]
§i ) ‘(ur)"‘ | Z',JVL =Xp (* 1 (X‘c“L)TZ'k‘ (x- ) ﬂ

TINEAR DISCRININANT ANscttts (LDA) arises
IN THE SPECAL CASE WMEN| WE ASSUNE THAT
THE CLASSES HAVE A CONDON COVARIACE MMRIX &

PY‘(G:L,X:)(): sk(x)“‘( ‘(

‘ to )OP(G;L' X:x) = { »‘.\'k (X) + 1 -
WE SEE THAT : %9 B (<L X<A] AP SR
—~ e ™ o
= o - ) TEN (M e )+ XTE (- e
CORRESPONIDING  LINEAR  DISCRININAMT  FUNCTION(S ¢
Ou(x) = XT& M ~ 5 MIZ Mt Loy o

IF ™HE T, ARE NOT ASSUNED To RE EQUAL,
WE GET QUADRATIC DIsGrINNaNT FuNcnowy (QDA)

) = =g ] 2] - T ()T (x- ) + Loy

THE DEUSION ROUNDARYM RETWEEN EA(H PAIR
OF CLAMESY k AND L i.x: 61(\():6’((\()1

Sine

—




CONPUTATIONS For LDA

SUPPOSE WE CcONPUTE  THE EIGEN-DECONPOS MTON
FOR EAQHFZ’,.L: MDA@ WHERE ), Kk pxp
ORTHONORNAL |, Anp D, DPACONAL ryTRIX

OF FPOSITWE EIWENVAWES oy . THEN:

L) 20 (- gh) = LUT () 170 LUT (=) ]
(0«3 1201 = e oy ol

™E DA CALIRER CAN RE INPLENENTED gy
THE FOLLOWINE PAIR OF STEPS :

1. SPHERE THE DATA W iH RESPECT Tv THE CoNNON
COVARWNICE  ESTNATE 2

X* & D% UTX, wuere 22 UDUT,

THE CONNON/ COYARANCE ESNNATE Ok X*
:> WILL NOw BE T™E PDENDTY

2. CLASSIFY TO ™ME CLOSEST class  CENTROID .

IN' THEE TRANISFORNED  §PACE | NODVLO ™E RFFECT

OF THE CuAS PRIOR PROBARILITIES .

REDVCED - RANIK  LINRAR D5 CRININANT ANALY S S

THE K CENTROIDS IN p -D'DENSIONAL INPUT SPACE

LE N AN AFFINE sRIPACE OF DINENIsION £ K-,

THus IR p I8 MVCH LARGER TMAN K) WE NIGHT

PROFECT THE X* ONTO THIS CENTROID - SPANNING-
SUBSPACE  Hyq , AND MAKE DISTANCE COMPAR|SIONS THERE
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WE NIGHT AIK RoR | < K-\ DPINENSIONAL SUBSPALE.
HCCHikA OoPPmaL For LDA N 3ONE  SENGE .

FISMER DEFMNED OpmraL To NEAN THAT THE ROIELIED
CENTROIDS WERE SPREAD OUT A DUy Al POSS(BLE
IN TERNS OF VARIANCE. THIS ANOUNTS TO FIND ING

PRINCGIPAL CONPONENT  SURBSPACES pE THE C(EMTROIDS
THENSE(YES .
~

~ CONPUVTE T™ME er PATRIX OF ClalS (ENTRoIDS ™M

AND THE  COPNON  (OVARWBNCE MATRIX  \w/
(FoR W ITHIN -CLasy COVARIAN (€ ) '

- OPNTE  M* = MW psing THE ElCEN -
DECONPOSITION Or W =WDWYT, . W' - D

— COArYTE [B¥, THE COVARWNCE MATRIX DR IM*
(FOR  RETWEEN-CLAS( COVARWNCE ), AND I
EICEN - DECONFOSIMON R = \*Dg WV*T  The coyynne
A OF V¥ IN SEQUENCE FRON FIRST 10 (AT DEFINE
T™E COORDINATEY OF T™E OPTINA( SUBSPACE 5.

THE U™ BDECKINIANT VARIABLE. |3 GIVEN BY
Zez g X wimyg v = v

Ze= WTD"U™X = v X*

o -

’




y : ' 24.01.2010 S«
/3 PETER CERNO

EXAM: NAILO2A Srrodole vOeENT

LU NSUPERVISED LEARNING

—

= (EARNING WITHOUT A TertHER. WE MAKE

SET OF N ORERyATIONS (*1,..., Xng) OF A RANIDaN
FTVECTOR X HAVNG Joint DENsITy Pr(X).

THE GOAL IS To DRECTY INFER THE PROPERNES
AF TH[|s PROBABILITY DENSITY WITHOUT T™IE HECP
OF A SUPERV(ISOR OR TRACHER  PROVIDING CORRECT
ANSWERS ~ OR DEGREE “QOF -ERROR R KACH OBJERVATION.
In Low-DINENSIONAL PROBLENY, THERE ARE VAR IETY
OF EFFECTWE NONPARANETRIC MPEDHOIDS FOR DIRECTM
ESTNMATING  THE DENSsIM  Pr (X) mXECR. Owing

T THE CRIE OF DINENSIONALTY, THESE DETHODS
FAIL IN HIGH DINENSIONS.

IN T™HE CONTEXT OF UNJUPERVISED LRARNN¢-, THERE
'« NO DJRECT MEASURE  OF SUC(ESS.

Associanon  RuLes

POPULAR TOOL  For  MiniNG COMNERCIAL - DATA BASES.
THE GOAL 18 O FIND J0INT VAWES OF TWE
VArRIanLEs X = (XM X'L, N Xr) TMAT  APPEAR NosST
FREQUENT®Y] IN THE DA™ RASE. IT I8 Nosr OFTEN
APPLIED TO BINARY - VALWED paTA X3 € £0,11/ WHERE
IT IS REFERRED TS A§ "rMRKET BASKET" ANASIS.




LET §; REPREMENT THE SET OF AL POSS/BLE VAWES
OF THE I™ VARWRLE (1"t Spporr ), AND LET
53 C Sj RE A SURIET OF THESIE VALUES.

G’OAL FIND SURSETY Sy -1 Sp CVulH THAT
PRODARILITY

PrLNg (%€ 5) )
[$ READVEWL (ARGE.
Ny (X5€35) 15 AUED A CONTUNICVE ROLE |
Ik ™ME sRsET  $3= S5, THE VARWBLE X3 1S Jaip
NoT ™ APPRAR |y THE RULE.

MARKET RASKET ANALYS 1L

WE SUPPOIEL UERY (ARLE DATA RAJSES (l”MOq,N%Wg\

SINPLIFILATIONS -
o Dl L SingLE VALUE
). osy= {
33 ... ENNRE SET -

A GoaL Is ™ Fp Je T p) AND Wy, 2€]
Pr[Ngeg (Xg=%g) ] 10 ree

1. WE AN APPY THE TECHNIQUE  OF bunmy
VARWRLE S 7 WE G(ET A PRODLEN  'NVOLVIN(G

ON(1  RINART - VALVED  VARKBLES. .
THE ToML NUNDER OF DWRy  VARWaLES K= Z’;’,u\%\
= coaL Is ™o Finp ke {1 kY zimen sEr T

Pr [LQ%LZF'\” = P [T 2:1] 1 vamee.
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THE ESTIMATED VALUE FOR THE J7EN st K, :
\ - _ 4 N
Pr [ nux (Z&'”] = ‘,\‘, 2’11:4 T’lgx ik

THUY 18§ (ALLED THE "SUPPORT" pR "PREVALEN CE"
T(X) of ™ME rmen ser X .

A LOWER SUPPORT ROUNID t IS SPECIFIED , AND
AVE SEEK ALL ITEN sETs K, 5T T (K> t.

THE APrwor) AWoRITHA

~ THE CARDINALITY \U('T()(Pt&, 1S
REWTVECT shAaLL

- LeX D TL)2T(XR)

THE FIRIT PASS OWER THME DATA CONPUTES THE SUPPORT
OF ALL SINCLE-ITEn SETS. THOST WHOLE SyurPORT
A8 LESS THAN TME THRESHOLD ARE. DIS(ARDED.

THE SECOND PASC CONPUTES THE SUPPoRT OF ALL
ITEN  JETS OF SIE TWO  TMAT (aN BE FORNED
FRON PARS OF THE SINGLE |TEAC SURVIVIN (-

™ME FIRST PAYS.  FACH  SPWCESS|VE  PASs DVER

THE DATA (ONSIDERy ON4{ T™OSE JTEN SETS

THAT (AN RE FORNED B4 CONBINNG THO(E TWAT

SURVIVED THE PREVIOUS PALS WITH THOE RETANIED
FRON TME FIRIT  PASS,

THE APRIORI AWORIMHA REQUIRES ONLt1 ONE. PASS
OVER THE PATA FoR EAWM{ VAWE OF | % | .




EACH HIGH SUPFORT ITER SET X RETVRNED RY
THE  APRIORI ALGORITHM 1€ CAST INTO A (ET OF

"Assotaon RUEL" . THE IMTEny Z, ke X
ARE PARTMONED : AUR =X, Anp wrme
— AIR N

ANTECEDENT  CONSEQVENT
THE supPRT OF AR T(A-‘>B) :T(k\ T(A>R)
THE CONFIDEN(E (PRED«(T%UN) ' C(ADR) = T(;\) n
THE EXPECTED (ONFIDENCE : T(R) |

™E UFT ¢ L(AR) :%(__‘_E%L

A CONFIDENICE. THRESHOWD ¢ IS SET  ANp ALL RULEY
THAT (AN RE FORNED Fron  COMPUTED K¢, T(K()>t
WITH (ONFIDENCE GREATER THEN

{A:)TS \ C(AR) > c}
ARE REPORTED -

THE OvTPUT OF THE ENTRRE ANALYSIS |5 A . COLLERMON
OF ASSOCUNON RULEL THAT JSATIARY :

T(AsSB)>t s CASB)> ¢

ASIOCUNON RULES ARE ANON(. DATA NININ ;' €
BICOGEST SUCCESSES .
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UNSUPERVIIED A TUPERVILEP LEARNING

LET 9() RE THE UNWNOWN bBATA PROBARILI T
DENGT TO BE ESDMATED, ANp 9, (x) RE 4
SPECIFIED PRORARILITY bBENSITY Eunichow UED
FOR REFERENCE. FOR RXANPLE,  9,(x) NIGHT

BE THE VUNJIFORN DEN{I™ OWER THE RAN ¢
OF VAR |ARLE S,

SUPPOSE X4, -, Xy, A4 5 (x)

A SANPLE OF §12E N, CAN BE DRAWN £R
UsiING MoNTE CarLO NETHODS . |
POOUING T™ESE ™wO bata SETS, AN ASSIGNINGG DA §
Mass W= No/(N+N,) ™ ™MOSE dRAWN FRon 2 (x),
AND - wo= N/ (N¥N,) =n— Fron g, (x)

ARESULTS IN A RANDON SADPLE DRAWN FRON THE
MIXTURE  DENG | (3 ) + 9,(x)) /L. |

|[F ONE A1MGNS ™ME VAWE Y= To EAG| SAPRE

POINT DRAWN FRON 4(x) Aanp Y=Q To THOE
PRAWN FRON 9, (x) , THEN

_ 9 (x)
a) 2 E(x) = 9+ 9500

(AN RE ESTINWTED RM SUPERUSED LEARNIN
USING ™HE CONBINED  SANRE. (1% ) - (Yeny, ) XNens,)

On 3. (x)

————




Cuuster  ANalqsts

= DATa (EGNENTATION] ;, GROUPINL OR JELNENTIN
A COLLECNON OF ORJQECTS INTO JURJETS Ok
"CLUSTERSY , SU(M THAT THOSE WIHIN EAW (wiTER
ARE NORE CLOSEL REWATED ™ ONT ANOTHER
THAN OBECTS  ASSIGNED To DIFFERENT CLySTERS.

PROXIN|T™ MATRI\CE S

NxN iy D, wHEre N 18 ™ME NynRER OF ORIECTS
diiv -.. PROXINI™Y RETWEEN] THE [T AND ('TH  ORQECTS
IF THE ORIINAL bATA WERE (OLLECTED AL nINILARINES,

A SUITARLE MONOTONE - DECREAMN G FUNCHON CAN
BE USED TO (ONVERT NMEN ™o DICSINNMARINE .
FTHE ORIGINAL PATRIX D 18 NoT Synnemic

It CAN RE REPWACED Rv (D 3+DT)/9 .

IN GENERAL, TRIANGLE  INRQuALI™ dip tdi + e O
(( NoT  GUARRANTEED .

DISSINILARIMES BASEP ON ATTRIBUTES

BETWEEN VAWVEY OF 3™ ATTRRRUTE., AND TMEN DEFINE

r
D(X; ) X{! » ~ gj-,-», 43 (X.'J], Xj') C(AN RE WEN/'HTED)
AS THE  bDISSINILARITY  RETWEEN ORIECH i AAD !,

NOST (ONNON CHOIRE @ SQUARED -DISTANCE :
. -— 1
dy Qugy Xing ) = (X:-;,-Xi'j\ .
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CLusTERING  ALGOR THNS

1. CONRINATORAL  ALLORITHNS - WORK DIRECTY

ON THE OQORSERVED DATA WImH NO DIRECT REFERENCE
TO AN UNDERLMING PROBARILITY NODEL

) . MIXTVRE MOPELING — SUPPOSES THAT THE bDATA

18 AN Li.d SANPLE FRON) SONE PORV(ATION] DE(CRIBED
"4 A PARADETERIZEp NODECL TAKEN] TO BE A PMWTVRE
OF CONPONENT DENSITY FUNCTONS.

3. Mode SEEKERs ("BuMp HUNTERS') - TAKE A
NONPARANETRIC FERSPECTIVE , ATTENPTING To PIRECRY

ESMMATE  DISDINICT MODES OF T™E PROBARILITY
DENS)™ FuNtTON.

CONBINATORWL  4LGORITHN S

EpcH  OBsEriamon e {4, NY 15 Acsienien

o ™E CSTeR Cli)e 1, ., K} (encover C)
WE SEEK THE PARNWLAR ENCOBER C* ()

WHICH  AMNI2ES 4 "cost!" FuNitmoN THAT
(MARACTERIZEY T™E DECREE TO0 WHicq THE CLWSTERING
GOAL I8 NOT meT.

NATURAL (0ss [ "ENERGY™)
K
\X/(C) - % 5 z, a d(X;, X,-.l(

1 bk M=k

-

= 'WITHIN QLSTER" POINF SCATTER




W RETWEEN] ~ WWSTER" POINT SCATTER °

[Mq_ﬁéz Z,  d

k=1 Cliy=k )3k

S

"Toma"  POINT S CMTTER :

T=32% 4w T WO F B(O)

=4 ‘=

PRACTUCAL CLUJSTERING ALOORITHNY ARE ARE TO
EXANINE ONWM A VERT SMALL FRACMON OF Al
Possiote  Enconer?t k= C(i).

K- NEANS

ONE OF THE MOST POPULAR ITERATIVE DESCENT
CLUSTERING METHODS. It 15 INTENDED FoR
SITVATIONIS [N WHIGH ALL VARIARLES ARE OF THE
QUANDTATVE TMPE , AND SQuaRED FEUCLIBEAN DIST :

d(xivxi') = ZIQP:A Lxl‘i) \X"Q'Y‘ = % - % (12

WITHINI - POINIT  SCATTER :

< A 57K ”X.“X.‘f[z -
W =528 aﬁnk&u |

le "Xi ~->Zk nz /
(()‘

WHERE st (qup = er) IS THE DEAH VEch
AsSOCATED Wiy T™E k™4 CLUITER

AND N;,\: qu I(Q('): l‘) :

WE SEEK :

C¥ = W Z,Nkzl ) x¢ =%, N*
C k= Ct=k
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NOTE THAT )?S: Orgm‘w\ 2 N x; - m 2
9 lGS

HeNee WE ORTaln (* Ry souyiyl THE ENURGED
OPMINZATION PRORLEN :

K
Mmin N | Xi =M 1k (¥)
mez "%’zu ‘ ‘

~ K-neans QLosteriN G

A. FoR A GVEN CLSTER AssennenT C

NINWIZE THE TOTAL CLUSTER VariaNee ) (O(N)
WITH RESPECT TO R, ..., m}

L. GIVEN A CURRENT SET OF NEANS iy, .., My
Ge] 18 NININRED BY ASSIGNING EAWY DRIERVYTION
T ™E CWSEST (CWRENT ) CLUITER NEAN, I-E.

(L) « fl@?'ﬁ N ¥ = my DY | O(KI\])

3. ITERATE §TEPs 1 AND L UNDL THE AL GNNENTS
DO NoT (MAN GE .

VECTOR  QUANT2 ATYON

THE K~NEANE  CWITERING  ALGORITHN REPRE SENTC
A KEy TO0L IN T™E AREA OF IMAGE  AND
SIGNAL  CONPREISION,  PaRMIULARY N VELTOR
Quanmsmon or V(.




FRIT RREAK THE INGLE  WTo  $RALC RLOKS,

SAY  Lx9 rRlocus OF PIXELS, FEACH REGLARDED

At A VECTOR IN RY. A K-MRANG CLUSTERING

ALGORITHN  (LLOUD's AW ORITHAY 1N THIE CONTEYT ]

1S RUN IN THIS #PACE . TACH OF T™HE BLOKK

1§ ArFRQOX INATED B 18 CLOSEST CLusTER CENTROD,
KNOWN Al A COBEWORD.

THE  C(OLLECNON OF CODEWORDS — CODEROOK .

K- NEDO DS

1. PR A GueEN Cwsmer  assipanenT C FIND
THE ORSERVATON 1y T™HE CwstER  MiniN rzING
TOTAL DISTAN(E " To OTHER ROINTS IN THAT CLUST:ER:

Wz ommgmn 2, D(x;, %) S 2
k
U Clkk] =k O(é NG
THEN ™y € Xp{ k=, ., K .
2. GWEN A CWRRENT SET OF CLUSTER CENTZRS
{my, -, MKS, MNINIZE TR TOTAL ERROR
CLOSEST  (urrENT ) CLVITER CENTER :
| | O(KN)
CG) & ammin D (x;, m, )
1¢ k¢ K

3. |TERATE stEPs ] AND L UNIMU THE ASSIENNENTS
PO NOT CMANIGE . '

TNIS  APPROACH CaN BE APPLIED TO DATA DERCRIBED
N BM PROXINITY MATRICES.  K-NEpaps 15 FAR
ARE CONPUT. INTENSIVE THAN W -NEAN:.
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A CHOICE FOR T™HE wunper OF CLusTERS KK
DEPEND ON THE GOAL. DA™-RAMED MNETHODS
FOR ESTMATN(G  K¥ TIPlcally EXANINE  THE
WITHIN - CQusTerR - PUSIMILARIT™Y Wk A5 A FUN cToN
OF THE NUNBER OF WWSTERY K. THE CORRESPOND IN G
VAWEs  {Wh -, Wikppy } GENERAWY DECREAVE Wity
INCREASING K (EVEN  WMEN EyALUATED DN
"4E INDEPENDENT TEST SET ). THE CROSS- VALIDATION
TEGINIQUES (ANNOT RE. UNLIZED IN THIS COMTEXT.

(zAR STANSNCs ( TIBSHIRAND ET AL, 2001) - CONPARES
T™E CURVE (0:) Wk T0 THE CVRVE oRmamNED FRON
PATA UNIFORNLY DISTRIBUTED OVER & RELMN((E
CONTAINING TME DATA. |T ESPNATES THE oPMMAL
NUPBER OF CLUSTERS TO QE THE PWACE WMERE
THE GAP RETWEEN THE TWO CUuRVES |3 LARGEST .

Vo

HhierareHint  CLOSTERING

FIRST wE SPEQFY  TwE NMEASURE OF  DIshifitarim
RETWEEN (DIs20INnT) G-ROUPS OR ORSERVATONIS .

THESE MEPMMODS PRODUCE HIERAREM(CAL REPRECENTRTIONS
IN WHItH THE CLUSTERS AT BAWH L(EvEL OF THE
HIERAR(MY) ARE (REATED R DER(NG CLUNTERS

AT THE NEXT L(OWER LEVEL. AT ™E LOWEST (EVEL,
RATH CQWSTER CONTAINS A SINGLE OBSERVANON).

AT THE HICHEST LEVEL THERE It DN ONE CLySTSR
CONTAINING  ALL OF THE. DATH .




_ ACGLONERANVE.  ((ROTTON ~ UF)
STRATEGES <>’ DIVISIVE ( Tor- DowN |

AGGLONERATMUVE - THE PAR (CHOJEN FOR MERGIN G

(ONSISTS OF THE TWO' (ROUPS WiItH THE {MuULEST
INTERGROUP  DISS INIARITH .

DIVISIVE = A CLUSTER AND SPUT ARE CMOSEN TO
PRODUCE TWO NEW GROULPS WITH THE UWRCE(T
BETWEEN- (ROye DISSINIARIT

... THERE ARE N/-| LEVELS IN T™E HIERARCHY

FAP STAMMNIC CAN BE USED TO CHODIE T™E LEVEL .
RECURSIVE BINARY SPLITANIG-/ AGLLONERsMON CAN RE

REPRESENTED RY A ROODTED RINARM TREE | AW
AGOLONERATIVE  AND SONE DIVISIVE DNETHODS POSIESS
A NONOTONICITY PROPERT™ — THE DISSINIWLAR|T RETWEEN
NEZRGED CWSTERS IS NONOTONIE WCREASING W ITH
THE L(EVEL . 2 THE RINART TREE (AN RE PLOTTED

So TMAT THE ME|¢HT oF EAU{| NODE IS PROPORMONAL -
™ THE VAWE OF THE WNTERGROVP DISSINILARITY
BE™WEEN 1Ty TwO SONS. = A 30-~CAUED - DENDROGRAN |

ACGLONMERATVE CLUSTER IN(G

RBEGINS WITH J=VER9) ORSERVATION REPRESENTDIN (-

A SINGWE CWSTER. AT TAw or ™ N-A
STEPS  THE C(LOSEST TwO  (LEAST DISSINIAR ) CLUSTERS

ARE NERCED INTNO A JINWE CLUSTER
A DNEASURE OF DSSINILARIT™Y  AETWEEN Two
CLUVITERS NWT BE DEFINED.
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o) SINGLE LINKALE  (SL) :

NEAREST-
o\gL(G,H) = min o dig NEIGHBOR TECHN ) QUE
(e U'e M

b) CONPLETE LINKAGE  (CL)
FURTHEST - NEIGHBOR

der (("H ) . Max dii TECHNIQUE
eG i'eH

QT GROUP AVERAGE (GA‘, :
- A .
C)G.A (G’lH\- NGMH Zg' dci

SINGLE LINKAGE - A PMENONENON , REFFERED TO
AS CHMAININIG , 18 OFTEN CONSIDERED A DEFELT
OF THY NETHOD - AN VIOWWTE "ConPacTNES"
PROPERTM (‘:‘. ORs. WITHIN RACH CLySTER TEND TO RE S\mum\

LONPCETE UINKAGE - 1T (AN PRODU(E CLUSTERS
THAT VIOWATE THE " UUOSENER" PROPERTY, |.E,
ORSERVATIONIS ASSIGNED TO A CLUSTER (AN B%
AUCH CLOSER TO NENRERS OF OTHMER CUyYSTERS .

GROUP AVERALE -~ N NOT INWRIANT TO NONONNIE
STRICTLM  INCREASING  TRANSFORNMAMONe OF
ORSERVATION DISSINARITIES

DIVIMIVE. QLo STERING

REGING WITH ™E ENTIRE DATA SET AS A SINGLE
CLUSTER ;| AND RECURLIVEL] DIVISE ONE OF THE
EXISTING QL. INTo TWO  DAUGLHTER  CLUSTERS




ALEORITHN  PROPOVED RY [TRCNAUGHTON OPITy EF AL !
FIRST PUALE ALL ORIERVANONS N A SINIGLE
CWSTER (5. THEN (HOOSE THE DRSERVATION
WHOSE AVERAGEE DISS INIARITY TRON ALL THE OTHER
OBSERVATIONS 15 (ARLEST.  THIl ORSERVATION
FORNS  THE FIRST MENRER OF 4 JSECOND CLOSTER H .
WHitE ™ERE ARE priskva™ONE: N G AT
ARE | ON AVERAGE, WOSER ™ M, TRANIEER TO L
SUMH ORJERVATION. FOR WHICH THE CORRE S PONIDIN(,
PIFFERENCE IN AVERAGES IS THE UARGEST ONE. |
THE RESUT 15 A SPUT OF THE ORIGINAL CLu STER
INTO TwO DAUGHTER CLUSTERS. A~y SECOMD (EVEL
FAW  SUCLESSIVE LEVEL I PRODUCED i

APPLUINIG  THIS  SPUITTING PROCEDURE 7Tv ONE

OF THE CLUITERY AT THE PREVWOUS (EVE(.

KavEmanin Anb ROUJSEEUW (1')50) SUGLEST -
CHOOSING TME AWSTER WITH THE (AR G6E -

DWNETER.. AN ATERNATIVE  WOULp B‘\i ™ CHOOE
™K ONE Wity T™WE ARLEST AVERALE

PSS N ILARITY J;r: ':TG ZIIGG 8;'9(\, diti
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SELECTED Tormcs

M INITRVN DESCRIPTON Len CTH

MDL APPROALH GIVE) A SELECNoN CRITERION
FORMALLM IDENTDYAL Td THE RIC APPROACH, RVT
~'s MOTMVATED FRON AN OPTINAL (ODING WEWPOINT.
SUPPOIE FIRST THAT WE WANT 70 TRANSNIT

POSSIBLE NESSAGES z,, -.., Zn,. OQOuR CObE ULSES
A FINITE ALPMARET, \.E. A=10,1].
EXANPLE : FESSALE | AN ENE?

CObE | O |fo [np | 19

A SO-CALLED INSTANTENOYS PREFIX CODE : No CODE
IS PREFIX OF ANM OTHER ,

" STRATEGY ~ SHORTER (ODES FoR MORE RREQUENT NESYAGE
FANoUS THEOREnR DuE TO JHaNmoON: IR NESIAGES
ARE SENT WIT™H PRORARIUNES Fr(z;) , WE SMovw

USE CODE WENGMS | (i = - Qoer (z.'j)l, AND TNHE
AVERAGE NECSALE LENOGTH SANSEIFS -

F (emath) 2 -3 Pr(zi) (o, (ﬂ- (z:))
RIGHT ~MAND SIDE = THE ENTROPY OF THE DISTR. Pr(z)).

IN GENERAL, THE LOWER BOUND CANNOT BE AMIEVEP,
HURENANN  CObING  SCNENE U\ GET CLosE ™ THE BOUND.




NOw WE APPLYT ™Iy RESULT Tp THE PROBLEN
OF NopEL SEWECON . WeE Hae A nodEL M
WY  PARANETERS (), AND Datg Z-= (X;Y)
CONSISPNIG OF  ROTH INPUTY  ANp  OUTRUTS |

LET THE CONDITIONAC PROBARILIT™] OF THE Oy TRUTS
UNDER THE NODEL o€ Pr(y|9,M,X). Atiune
T™HE RECEIVER KNOWS ALL OF THE. INPUTT, AND
WE WISH T TRANSN|T THE OUTPUTt. THEN THE R
NESSALE  (ENUTH REQUIRED Tv TRANSNIT THE. OUTRUTI (S : -

(ev\}th < —Qog Pr (Y \ .M X) > (03 Pt‘(e 'h)/ (%)
THE  LOG-PROBARILITY OF THe TARGET VALUE)
GIVEN THE INPYTS, THE SECOND TERN If TME AVERAGE
(ODE (ENGTH FOR TRANSNITMING THE NODEL PARANETERS O-

THE MDL PRINCUPLE $AMS THAT WE SHOULD  (HopSE
™HE NODEL TMAT NININRES (%) .

We RECoGNRR (%) AS THE NECANVE (OG-POSTER|OR
DUTRIRUTION , ANID MENUE NININIIN(- DESRIPTION
LENGT™M 1§ EQUIVRLENT ™ MAXINIZING  POITERIOR
PRORARILITY .  HENCE THE BIC CRITERioN, PERWED
AS  APPROXIMAMON  TO  LOG -POSTERIOR PROBABILITY, CAN

A0 RE VIEWED Al A DEVICE FOR NODEL CMOoICE
83y MDL.
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EXAM: NAILDYY Smrovove e

Varnk ~ (HERvonEN K DINENSION

A DIFFICOLM N ysinG ESPMATES OF - SANPLE.
ERROR 8 THE NEED ™ SPEUFRY THE NUNBER

OF PARANETERS (OR THE (OPP(gxi™q) 4 USED
IN THE BT THE  Vapnik- (HEwonenkis (V)
JTHEORY PROVIDES JUCY A GENERAL NESLURE OR

CONPEXITY, AND (VES ASSOUATED ROUYNDC 0N T™E
oPPNMSN.

SUPPOSE WE MAVE A CLAYS OF FuNchont L5 (x 2)1
INDEXED 1 A PARANETER VECTOR d, wmy x €R.
FORINSTANCE, 1R = (do,d,) AND § 15 an INDICATOR
FONCTON I (4y +47x >0), THREN IT sEENS
REASONABLE THAT T™HE CONPLEXIT I8 THE NUMBER
OF PARANETER( p+] . |

THE  VC dimennioy oF T Clasy ] H(x, L)}

Is DEFINED ™ RE THE LARGEST NUNBER OF

POINTY (N SonE (ONFICURATION ) THAT (AN RE
SHATTERED R4 NENRERS 015 H(X.»(H.




A SET OF PoINTY 15 AID TO RE SHATYERED

M A CLAYS OF FVUNCNONS IF, NO MKTTER HOw
WE ASSItN A RINARY LABEL TO BALH POINIT,

A NENRER OF T™HE UA3IS CAN PERFELTLT SEPARATS.
™EN.,

THE VO DINENSION OF A UAYS OF REAL~UALUED
FUNCTWONS {9 (X, d)} IS PERINED TO RE THE

VC DINENSION OF THE INDICATOR CLASS ~
{I(g(x,ot)- RY D) { , WHERE ]\ TRKES vAWES
OWwWR THE RANGE OF 9

|[F we ®mIT N ™RanNG POINTS OUING A QAL

O FuNCMony L3 )} MAnnG VO pinension b

THEN WITH PROBADIUTY AT (EAT 1-% OWR
TRAINING  SETS

~ —— B INARY
Erry. £ T 4 i (M M+ e ) cussmmnou) -
Errg £ éTr/('\‘ CE")J{ (RE‘GKESHON)
woeke £ = 0, 2 L3 [N/ 417 - by (4/9)

N
O<a, ¢t O<a ¢l

0,24, 0,29 T WORST- alE
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EXAM: NAIL029 Strovowe uleN

VERSION CPACE

A VERSION SPACE INl CONCEPT LEARNING OK
MNDVCTION] 1§ ™E SURSET OF ALL HMPOTHESED
THAT ARE (ONSISTENT w'™ THE ORSERVED
TRAINING G EXANPLES

AN SETINGS  WHERE THERE |3 4 GENERALITY -
ORDERING ON MH1POTHESES , IT IS POSMIBLE 1O
REPRESENT THE VERIION SPACE. 81 Two (ETS
OF MM POTHESEY) :

(\) T™HE NosT SPECIEIC CONSISTENT H1POTHE SE 5
(IL'E. ™& SPECIRIC RounDaRt SBY - covER THE
ORJERVED POSIMVE TRAINING EXANPLES , AND AS
LnE  OF THE RENAWNIN(. FEATURE SPACE.

AS POSSIRLE. |

(L) ™™E NOMT GENERAL HyrOTHESES ().c. ™E
CENERAL ROUINDARY  (TB) - COKER THE OmERVED
POSIMVE  TRAINING EXANPLES | RUT ALSO CovER
AS NucH OF THE REMAINING FEATURE SPACE
WITHOUT INCLUDING ANY  NECANWE TR. EXANPLES .

HYPOTHESIS —  (oNQUNCNON OF  TeEsry ON
NPur ATTRIBUTES < 2, Cow, Hien,s ¥, 2,2
PARTIAL ORDERING ~  h, >, h,

- L Dere sPEURIC
MORE GENERAL T S !
HYPOTHTS (8 MYPONHESIS




MOAT GENERAL MMP. = < 2,3, ..., D
MOST SPEUric pve, T <Q,9,..., BY

H ... ™E SrAtE OF AUL MYFOTHESES
D TRAINING DaTa

VSHip .-+ VERMON JPAKE

Viup = {heH | Consistent (h DV}

GENERAL BOUNDART & Gz {4€ VSup | ~
"FgeVlup t 9'7y 9 ]

SPELFIC BouNbary @ (= { 3eV o |
135 € Wap @ s s ]

FIND=-S ... FINDS ONE MaY. SPECURIC MH4POTHES 1Y
1. h (g, .., 9>
2 . FOR EMM poSimyr TRAINING ANPLE x e D

RELAX h TO CLOVEST MORE (ENERAL -
HYPOTHESLY  CONSISTENT WITH X

CANDIDATE - ELININATION --- FINDS G Anp §

1. G & MAXIMAL GENERAL HYPOTHEIES IN H
C & maxIt™hyL SPEUFRIC HYPOTHESTS I\ H

2.
7. FOR EAW{ TRaINING ExanPE de D Do
L. IF 4 15 A POSITWE EXANAE :

o) REnove FRon G AN HMYroTHESI(S
INCONStSTENT WITH
L) FOR EALH Hyp. S IN § NOT CONLISTENMT wITH d
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EXAM: NAILOLY  Strodares veen(

— RENOVE s FRron S

— ADD TO S ALC MININAL GENERALIZATONT h
OF s (uq ™AT  h It CONSISTEMT  WiTH d,

AND SONE NENBER OF G 1S NORE GENERA(
THAN h

RENOVE FRON  § ANM HYPOTHEc THAT (5
MORE GENERAL TMAN ANOMMER HIPOTHEjS N §
5. IR d s ANEATE Exanec
0) REMOVE FRON S ANy HIPOTHE S
INCONSISTENT  WwiTH 4
b) For EA Hup, 9 IN G NoT CONMISTENT WiITY o{
- RENOVE o FRON (-
— ADD TO (- ALL NININAL SPECLLIZANONS
OF o SUH ™AT h 1t CONSISTENT WinH J,
AND SONE NENRER OF § 18 NORE SPECIFIC
THAN h
RENOVE FRON (- ANY HMPOTMESIS THAT I
LESS  GEMNERAL ™AN ANOTHER MIPOTHESIS IN (-

7PA C - EARNING

PRORARLY  APPROXIMATEL CORRECT (EARNNG  (PAC
LEARNIN-) IS A FRADEWORK FOR HATHENAT( (L
ANALILS OF  PACHINE  (RARNING . (Lesue lauanr '8Y)
THE LEARNER RECEIVES SANRLES ANp MuST SELECH

A GENERALRAT IoN Fudtnon  (MdromdEsis)  Fron
A CERTAIN CAIS bDF EUNCNOAS.




GOAL : WIT™y HicH  FrRoRAan/uT ( PRORABLE PART)
SELECT A FUNCNON WITH LW C-ENERALIATION] ERROR
(APPROX1MATEL  CORRE(T PART ) /

GIEN AN ARBITRARM  APPROXINATION RATIO €,
PROBABILITY OF SYUCLESS 0, OR DISTRIBUNON OF SAme. D

X ... INSTANT SPACE , ENCODING OF ALL THE SANPUE S
¢ CX ... ConwerT | C< PX) ... oNGEPT cums
EX (¢, D) ... "ROEDURE THAT" BRAYL AN EXANPE

X USING A PRORAGILITM DISTRIBUNGN] D
AND  (VES T™E  C(ORRECr LAael o (x| < |

N

! xec
0 x¢c

SUPPOE  THERE 5 4N ALLOR MM A THAT GIEN
ACCEss T EX (¢, D) AND INPUTS £ ANp &
THAT ;| WITH PFRORABILITY AT (AT 4-§, A
OovTputs A HYPOTHESIS he C TuAT MAS sRROR & ¢
Wiy EXANRES DRawy FrRon X WTH BIsTe. D.
|[F THERE 1§ tued  ALcORTHMN FOR  Eypem

CoNeerT  ce C, Evrq mistriBUNON D oVER X ,
AND FOR ALL D<Ced Yy, Oy, mHey

C 18 PAC LearRNABLE .

CONSIDER A (oNcePr cass C A A
FMED GoAL (ONcerT <€ C .
FOR  ANM HyroTHESIS he ( LET us DEFINE

Trae Error (h) = pr[h(x)'-’f cx) | x son EX(:D) 1
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EXAN: NalLp) 4 S™Rod0E veeNT

S

H1romMENS h (3 APPROXIMATE(1 CORRECT, IF
Truekrror () £ ¢
SUPPOSE wWE MNAVE AT!A;NN(, SET ’X, 1X] = m
BAD H1POTHE;E)
Heap = {k,,fr C| h 15 consisrenr wmy X
& AND Trye Evrop (hg) > € i

SUTPOIE heC | TrueBror (h) > ¢ . Ik wE praw
x FrRon EX (¢, D), T™EN :
Pr[k(x\:c(;ﬂé A-¢

SINCe X 15 DRAWN FrOn EX(c¢,D) m-TNES,

THE  PROBABILITY TMAT | IS CONSISTENT WITH WHDE
X5 ¢ (-9, 1LE

heC ~
Pr [ heHup | TrueBror (h) >e, IXlzm ] & (1-¢)"

7~

THUS THE EXPEUED NUNBER ORF UNFILTERED
RAD HYPOTHEMES WITH OUR  TRAINING SET X \S:

[Huao | ¢ 1C]-(A-)™ £ 1C). e~ &M
WE waANT | Hup | £ 1C) -0 .

pSIVAS m2~§{v\§=

A
[.‘
“T

niI>




[NSTANCE RAED @Ry (IBL)

(ONSISTY OF  SINPLY STORINL TWE PRESENTED
TAINING DATA . To  CassiFy 4 NEw QuERy
INSTANCE.  FIND A SET  OF JSINDILR REWATED
INSTONICE S .

K-NEAREMT NE(¢HRORMoop LEARNIN{G-
METRIC :
- EUQLIDEAN : 0\(\0, X—‘,) o Z‘l:q (xik *X—Jk\z
A LINTA QRUNEYE, LYN) R (TR TS b i P Xjk |
- OVERWP ¢ AW, %) = T, (1 - 5 (% %) )
~ COSI\NE o\(x.-.xj) T - T it o))
135 Xi X VT8 % XL

THE PRIMRY OUTRUT OF IR ALLORIT4NS s
A CONCEPT DESCRIPTION (OR CON(EPT), THI

8 A FUNCNON TMAT MAPS  INSTANCES TY
CATEGORIES —) CLASMRAIADON .

AN INSTANCE ~ BASED  CONCEPT DES(CRIPIION INCLUDES
A SET OF STORED INSTANCES AND, PossiBLY,
SONE INFORMAMON  CONCERNIN G TMEIR PACT
PERFORMANCE  DBURING  CLASSIFI(ATION: (e.¢.,
THEIR  NVUNBER OF (ORRECT AND INCORRECT
CLASSIFCATMON PREDLCTYONS. ). Thiis SET OF
INSTANILES (AN (MANGE AFTER  Ea(M
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TRAINING INSTANUE. 1§ PROCESSED . HOWEWER
IR ALLORITHNAS pPY NOT CONSTRyCT EXTEN S 19N 4L

(ONCEPT DESCRIPTIONS .  INSTEAD, C(ONCEPT DESCRIPTIONS
ARE DETERNNED [y HOw T™E IRL  AWGorRmN 's

SELECTED SINNA/RIT™ AND QASSIFKANON/  FUNCTON 3
VSE THE (CURRENT JET OF SAVED INSTANCES |

"N, SINeRIY  Funenon SINARITY  BETWERN]

A TRAINING INSTANCE ¢ AND THL INSTANCEY IN THE
CONCEPT DESRIPNON -(CD) ~  NVNER|C-yaLuED

2. CLAM Fiianon FUNCTMON| = T IE(DY A
CLASSIFIANON RASED AN TE QASLUIFIL AN
PERFORMANICE RE(ORDY  OF THE INSTANICES |N TNE D,
3. (CONCEPT DESGRIPNON UPPATER = This NAINTA N

RECORDS  ON CuarsiFioamon PERFORNANICE. ANP DEUDE S
TR INFTANCES 1o INqwnE v e QD

ALcORITHNS = IRA, IRZ, 1R}

REWCE IR1's STORAGE REQUIRENENTS | -BvT Iy

CENSIMVE To ™E ANOVUNT DF NOISE  PRESENT
INN THE  TRAINUNC  SET.

J£ DPEstRipz  IBY, A NOIE ~TOUERANT EXTEN sioN
Ok 2 THAT Enpoys A SINPLE SELECMWE

VNUWUTION  RILTER  TO DETERNINE WMty QF

THE SAVED INSTANCEC SHOWD RE WED To NPPKE
CASS IRFICAMON; PECISIONS .




IR ALORITMN

D & ¥
FoR EAtH x IN TRAINING SET 1O
1. FoR EAHq veCD po

Sim t\('_\ & Simf{arité (x,\()
7. IF AveD: Aweptable (1) M™EN

Vrmax & SONE AuEPMBE we (D wmy =

MaxinaL  Sim (4] |

ESE (¢« Ratpony -seceaes € {1, -, 1OD)]
Yrax € SoNE €D i™4 NOST iiMAR TO x

3. IF Class(x) = ((qss(\{mx) THEN
Classification ¢ correct

EBSE  classificatioy & incorect
D ¢« by x}
b FOR EAH Y ¢CD bo - B

F Sim ] 2 Sim (ymax ] ™EN
Uroare V's  CASIFIGATYON RECORD

1F Y'c RECORD I3 SIGNIFICANTLY POOR
T™EN CD « (D~ {y}

FOR EAtH TRAINING INSTANEE £, CUMMIRILANON
RECORDS ARE VUPDATED FOR ALL SAVED INSTAN(CES
THAT ARE AT LEAM A SINAR Al Y5 nogr
SINLAR ~ ACeerTARLE  NEILHBOR |
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EXAM: NAILO2Y  Stroyore vdeNn(

MY ACLEPTS AN INSTANCE. (Acceptalte (-))

IF TS CASIRIAMION ACCURACY IS SIGNIRI AN LY
GREATER  THAN 'S Clall's ORSERVED FREQUENCY
AND RENOVES THE INSTANCE FRovy THE  CONCEPT
DES(RIPNoy  (CD) 1= Ims AcLuRact s $16-NIFTCANTLY
LEss.  (CONFIDENCE INTERUALL ARE. CONSTRULCTED
TROUND ROTH THE INSTANCE'S CURRENT CLAISIRICATION
ACturaty  (1.E., 178 PERCENTAGE OF CoRRECT

CLASS\FI LanoN AT‘ﬁiﬂrTl) AND  ITS Qely's CURRENT
OBSERVED RELANMVE FREQUENCH (LE., T™E PERCENTAGE

OF PROCESSED TRAMNING INSTANCEL AT ARE.
MENBERS  OF THIL Aass )

L

= 1 ) AUWEPTAQLE INIT4NCE
FREQUENCY ACLURA(1

—~

- INC T
‘ - — 3  RENOE D-cE‘ N¢ TAN LE
A-CCURAM FREQ UENCY

LET uS DENOTE :

P ... TRUE CWSIFIGBNON ACCURACM |
S ... NUNRER ©OF (ORRECT UASSIFIATION ATTENPTY
N ... TOTaL NUNRER OF  CIAISIFIATON  ATTENPIS

APPARENTM S A~ Bn‘non\(‘\}, P )




.

CONFIDENCE  INTERVALS

FoR \ﬁR(yE '\) . S — N k N"' NP("—P))
E. ‘K‘- r P N(0\1\
Qr(‘\-rl
N $ (,' S)
OUR ESTINATEs ¢ Py, O = = 3 N

CONFIDENCE /NTERVAL FoR p Witk ConFibeEntE -2 -
C R[4 4
o2 (-2

WE USE 307 (ONFIDEN(E For ACCEPTANI(E,
LE. 2z, = &'(1-%)=$"(0,95) ~ 1,645
AND +5v, (ONFIDENCE. FOR PROPPIN(,
LE. Znp= O'(1-22) & 105

FOR RAGH QWAts ) WE HAVE ESDMTES

?31 -NNi / 631: fi(1- ?O\/N

FOR TAUM INSTANCE inst WE WAVE ESTPATES

' = A A
Pit = St G20 = Re (i) /N
Ninst

. i . Uapri Vimit
cuprosE TvAT  clat ity =) . 7 T
WE ACERT imst IE Py + Za T < Py ~ Zp Timgt

A

P-z.d £ p ¢ '};-}-26\‘

| e ,\
WE DRop it 1B Pingt A Zomp Ot & B -2, &

\ Ufh;'t \ lopr\
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EXAM: NAILD24  Swepove ulen(

DeEcision  TReES

DECIStoN TREE LEARNING It A NETHOp FOR
APPROXITATING. DISCRETE. VAWE FUNCNONY,

IN WHICH THE CEARNED FUNCNON IS REPRESENTED
B1 A PEQUSWON TREE. |T |5 ONE OfR THE
"MOST WIDEW USED APPROALH FOR  INDUCTIVE
INFERENC(E. .

INTERNEDWTE  NODES : ATTRIBUTER
EDGES : ATTRIRBUTE. VA(UES

(EAVE NODEJ : OUTPUT VALUES

Fz A xor B
CAN RE REWRITYEN AT

8 0‘;20\1 IF -THEN-ELSE. RULES

BAJIC DECIsSION TREE WEARNING ALLORITHN -
IDY AworimHN  (Quinean  198L) Anp
Ty SVCLEISORs (4.5 anp 5.0

GREEDY JEARCH © THE SPACE OF POSSIBLE.
DEQSioN TREES




D2 (EXO\MPQes, Tovget - attribute, Aﬁ'vilou‘bes\

). CReATE A Rt nODE FOR TUE TREE

2. e AL Examp(e; ARE POSIMVE , RETURN

THE SINGLE-NoDED TREE Roof , WITH WREL = +

3. IF AL Examples ArRe NE CADVE |, RETURM

THE SINGE-NopED TREE Ropt , Wry LAMEL = —

G. I Attributes = %, RETURN THE SINGLE ~ NODE

TREE Root | wimy WeeL = POST Conngy vAWE ~

OF Target_attribute N Kxawmples .

5. Omumrwise REGIN ¢

C. A & T™HE ATTRIBUTE FRON  Attributes THAT
BEST CUASIFIES Examples

£ THE DESION ATTRIUTE rFog Reot & A

§ . For EACH POSHIRLE. VALUE v OF A:

D. ADD A NEW TREE RRAWCH DELOLW Root
CORREZSPONDING TO THE TEST A= Ve 5

10. LET BExamples, BE ™E SursEr or Examples
THAT HAVE vawye Vvi FoR A

M. |IF Exqweesvl_ = QJ THEN]
QELOW THIS NEw RRANCH ADD A LEBF NoDE.
WITH LAREL = NMOST CONNON VALUE. OF
Target _atinlute IN Equur(es

1. ELSE BELOW ™4 NEw AbD THE SVBTREE
ID3 (Examples,, , Target - attribute , Attnbutes~A )
1. RetvRy  Root .
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EXAM: NAILD2D  STrRoyoe udeny

WHItH ATRIBUTE To SELEcT 2

IDY USES INFORNATION GAINI NEASURE  TO SELECT
ANONG THE (ANDIDATE ATTRIBUTEL .

INFORMATON GAIN| 1S RASED ON EnTROPM
SHANNON ENTROPY  (INFORPATION ENTROP

13 A DEASURE OF THE UN CERTAINTY AS!OCATED
~WITH 4 RANDON VARIARLE ., |T QUANTIFIED

T™HE INFORMANON CONTAINED N A NESA (=_,
DsVALL1 N BITS OR D73 / SMnmoL. T 18 THE

NNV MESALE  LENGTY NECESsARy TO
CoNnvNIi T "+ ORMATION.

THE  INFORNAMONI ENTROPY OF A DILCRETE RANDON
VARWRLE X € {4 xa} (3

H(X) = E(T0) = = Z 0P (i) tay, p o)
AILX\ --- INFORMAMON| CONTENT oF X |

CIVEN A COURCMON S, CONTANING POLITVE
AND NELATMVE  SANPLES

Entropy (3) = =~ py {09, By - R Loy, 1o

THE INFORMTION GAIN IS THE EXPECTED REDUCNMON !

IN ENTROP| CAUSED RBM PARNMONIN(- THE EXANPLES
TO THE ATTRIBVTE A. \Svl

g
Gain (S, A) = Entropm (8)~ 3 gy Enbrort (&)

Ve latues (#) i
Sv={seS ) AY=V Y Ermom oF § AFTER  PARMTION




The vawe Gain ($,4) (S ™E NUNBER OF RjTS
SAVED WHEN ENCODIN( THE TARGET VAWE
OF AN ARMITRARY NEnger OF S M KNowING
THE VAWE OF ATRIGLUTE A .

- IDY'S ALLORITHN SRARCHES (ONPLETE
HuypomHEsls  SPace. ©)

~ DY ™MaINmAIN ONKY A SINGLE  CURRENT
MYPOTHESIS AS IT SEARCHMES THRQUEH THE SPALE

OF DEQUSION TREES. ®

-~ IDY N CONVERGE TO SvroPMNAL SOLUTMONS. @
- IDY DSES ALl TRAINIIN . EXANPLE] AT ALY
ST N T™HE SEAKM ™ MNKE STATUTTALLY RASED
DECISION S REGARDING HOW TV REEINE 1TSS CURRENT
HroTHEYS . (D)

CANDIDATE - ELINNATON ALGORITHN 1S (AGUAGE. -~
BIASED = HMUFrOTHESIY WAS ASSUNED To RE
CONJUNCNON OF ATTRIBUTES .

DY AWORMN HAY  Prererence / SeARGH Mg -

SELECTS TREES TMAT PWAE THE ATTRIBUTES WITH|
HIGHEST INFORNATON GAIN  CloStsT TO THE ROOT

ISSVUEY IN DECISiON TRBE LEBARNIN(G~ -
HOw REEPH T™O LROW 2 SELECNON NEASURE

CONTYNUOVS ATWRIBVTES 2 NISLING ATTRIRUTE. VWAwey *
CHOOSING AN ATTRIBUTE. ¢ DIFFERING ATTRIRUTE  CoSTs 2
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EXAM: NAILO2Y Smodove AN

OCCAN'S RAZ20R
EXPLANATION OF ANY PHENONENON) SMOULD MA/KE
Al FEW ASWVNPMONIS AS POSSIBLE ...

"ALL OTHER TNINGY BEINC EQUAL, THE SINPLEST
SOLUMON 13 THE REST. "

> PREFER THE OnpEsT HYPOTHES s THAT F|7s TYE DATA
"AZO0R ~ THE ACT OF SHAVING AWAM UNNECKS5AR
ASSYNPNONS To GET THE SINPLEST EXPIANKTION .

HOw TO AwD OWRRITTING 2

(\Y  STOP GROWING THE TREE FEARLIER

(1)  POST-PRUNING ~ MORE SuCCESSFUL IN PRACTICE

HOW TO DETERNINE (ORRECLT FinaL TREE. $1ZE 1

(VY TRAINING AND  VAuDATON
Q) Arreq tTAMIM(AL TESTS

A1 Mininun Descripnon Lene™ prRivcieie (MDL)
PRUNIN G METHOD §

(1) REDUCED -ERROR  PRUNING  (Quineay 19%%)

(2) Rue PotT-PrUNIGG (Quinian 1991)

REmvcep ErrRor PRVNIN

PRUNINIG A DECISION| NODE CONSISTS OF RENOVING
THE SURTREE ROOTEp AT T™AT NODE_, NAKING IT
A LEAF NOpPE ) AND ASSIGNING 1T THE NOST

CoNNON QA IRI ATION OF THE TRAININ - EXANPLES
AFFILATED wITH THAT NODE.




NOPEY ARE REMOED ON& IF THE REJULTING-
PRUNED TREE PERFORNS NO WORSE THAN THE
ORIG-INAL  OVER  THE VvALIDANON SCT-.

DRAWRACK : WHEN DATA 15 LNITED

RULE  POST- PRUNING

1. INFER THE DECISION TREE FRON TME TRAINING SET,
GROWINY THE TREE UNTIL THE TRAINING DATA IS FIT_
AS WELL A) POSSIRLE , ALLOWING OBREITN(| To OCLUK.
2. CONVTRT THE LEARNED TREE INMo AN EQUIVALENT
CET OF RULES .

3. PRUNE (LENERALRE) Ta(q RULE R RENOUING
ANT PREWONDITMONS  THAT RESULT |IN |MPROUN (-

TS ESTMATED  ACCURACY.

G. SorT THE PRUNED RULES @y THEIR ESTVMTED
ACCURACY .

ALTERNATIVE. MEASYRES FOR SELECPNIL  ATTR IBUTES

AN RATI0 ~ THE GAIN RAMO NEASURE PENAURK S
ATTRIRUTES  SUCH A5 DATE By INCORPORATING A TERN,
CALLED  €PUT INFORNATON , TMAT 18 CENSIPVE
™ HOW RROADUT AND UNIFORNM TME AT TRIBUTE
SPUTS THE DATA. —

c 151 | €
Setit Information (3,A)= "4 51 % s\

‘ Gaim (5,4)
Gai RA‘h S1A) = . l
qQn 0 { [ \ SPe"{“ ]h}ormﬁov\ (SDA)

I—

L
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EXAM: NAILDLY ISroyo u@:’

blANDL\N(, NISSING AT TRIRUTES

(N) ASSIGN T A Valug THAT 13 . NOST Confon
ANMONG  TRAINING EXANRES AT NODE. n

Q) Th— 7T mavE DR crssiRIemonN c(x)
(1) ASSIGN 4 PRORARIUT To EAWY OF THE PeISIBLE
~VaLWES ok A — UusEd v CY.§

HANDUINIG  ATTRIRVUTES WITH DIFFERENT COST

WE WOul> PREFER DOECSION TREES THAT UJE
LOw - (03T ATTRIBUTES WHERE POSCIBLE REWMIN¢-
ON  HIbGNH-C0ST ATTRIBUTES ONM WHEN NEEDED
TO PRODUCE RELRBLE CLASIFICATIONS .

COST ~SENSITWE. NEASURE : Gain (S,A) /Cost(A)
& Grain® (SiA) / Cost(A)

(25BN 1) /7 (Cost (A) 1)
- MEASUIRING CREDIRILTY

| PREDICGTER CuWASTE
CLASS A ceass L
AcruaL [ CLASIA | ™Rk POSITIVE FAUE NEGATVE

CLASS CALS 2 | FAUE  POMIMVE. TRVE NEGATIVE

Ly




A TP + TN 7
CCuRacy = TP + TN + FP + FN 4,
Sensmum = TP/ (TPrpn)  FH /P
SrecFiamy = TN / (N +FF) / bz
Precision = TP/ (TP+FP) 2 / B4
Reeall = SENSIMVI™ -
FP+ FN | 2a
EREOR = e
TP+ TN+ FP + FN 1%

LEARNINGG CURVE

x> N ., Y= ERROR
LIFT (HART ;

Nz TPy FP)/ (TPeFr +TNHEN)  ¥=TP »

FPzraTE = 1~ SPECFICmy

ROC CuRVE : B N |

- TF - Ff’ ° e = i

X = TP +FN T FP+TN TPERATE = PREC’SO\J
PRECISION( RE (ALL  (URVE :

. .‘..P _ T-P

-

e T TP+ FP
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