


Searc h

Fest Try. Revlex f\%‘iﬂj?(m\lg based a0 temory, predichion X)
Ls can be oo TF ﬂeedTng ‘1>UCLQL< dedisions

Second Tr% - P\m\(\h\% @%@\Jg (de&s’?on Dased on cosdhle ONEIES)
> Compleferes(giies an answer? ) opfimalifs( best arswer?)
L 0" ceplanring” agent solves e prddem o(\%he%%.

Search Froblems consist of :
— State space
— Successo Tuncion (ockens & coste)
~ start gtate £ qoal test
— 0 solufTon Ts o sequence of ackions thet Sraneforms
fhe skark stoke Toto an end state

Wordd shake US Seacch shate Cabstraction )
™ %Tr\gs thok don't d{\dﬂae o¢ don't melcker ’&lm(‘ e solufion
don't need o boe T He search stocke



Stote Space Graph: tafhenatica) reoresentofion o search proben
> nodes ace world stofe, arcows ofe successors,

Search Tree T encodes possible dedisions as a chondlgical ree

Tree SEQVQK ex?cmd o tree (\ock@s, order mo&%efs‘h
s Uges @rﬁn&e, expanslon, and @xplorition skrotegs

> mdlh Question: whiich Fringe todes o explore?

Seaccl) Strutedies -
Dept h—~Tirsk 1 expand £he despest nede Frrek.
G expands sone &8 prefix OCEY e for Fintle tree
only stores S”\b“u%s fom pakhy o cedk — 2pace Ollomy
5 oot compleke Tf fiite free  nof opfinal and only
£inds the ‘| GH mcg& ol U\JYHO(\
Bread A~ Firet ; expand e ehallowsst ode Frsk
L> expands all aodes albwve the shallowest SoludTon
s fine Ors) space OCB®)
L Complete, optnall W ol costs ave 1.



THerafive, Desprding * Conbtne DRS £BTS
S Run DFS Wrkh Aep@\ [Tentt Iﬂc\“@o&?ﬂgr I&emﬁvd% g
> Ordering s BFS- [The, but soves wemory
> the “last [ager out cests €he pravious terafions,
<o agymptofics snt Lot bad .
Ustform Cest © explore *clbeap’ paths Trst

Iﬂg‘ of" M S%Vdi\

Heudistte s a fuackion €het esfimates tun clese astote & to o amﬂ
ex) Manhettan Distence | Buclidean Utstance

Greeedy Search? Only, fodk af €he louest heusistic
s Stnitlar fo DF& but 0(\\% considers fitture cests.
A" Searclnz Combives UCS and G\@& (e = &t hony)
Ts A* optimdl? — can £l 1§ foo pessinisfic Ciuppd)
Admissible heuristics T alwoys underestinates cest 4o gl
Ls heurisfic b i adwisiible W O<hem < Wy where
W Te he teue cest SunckTon.



: I? AN Oﬁmoﬁ 80@9 Bisa Sub@@ﬁﬂaﬁ %oaﬁJ he a&mTSSTb]e)
A will &tk the fringe before B.”
=Progl> Inagine B (s on the Fringe.
Seme ancesfor A s T &he Feinge, foo.
Then, 0 ol be expanded before B
S Fem <SCAY by admissibtliky
fem <hm) =Tam< Ty,

Wrth the same argument, all ancesfors o A
are expanded befoe B! )

How £o dedigh adissible. heurlsfics?
> orten felo\xﬁw\% cotsfraints work (ex) MankaHm)
Heudstics shadd be Toformafive, ot ot 400 CCSH% to compute

x madnum of admmeSible heudstic & shll admicgihle |

Giengh Search: doot evpand. €he sane state €usice
b however, i the tewdy computed ek T briter than €he

pryvlously Stored cosk, expand T+ agoin.
— skl optimal



® It a beurtstic Ty consistent | €% Fiest @xpansion
SO\Sures 6{35 (V\aMng For that ode. (ot covered)

CSP

“Whet T the best asdignment to variades?”

Standard Search: State Ts o black box ; ool successors can be awg
(CP: State Ts defined by variakles X wtth volues fron dongin [)
Ls £he 8°(& fesk Ts o st of canshraints of allowoble assignments

ex) map colering uwikh out adgacent states dirlng colors

B Varibles regions 1R R - Rnf  domain colors 7 red, aresn, bk

constrint t (R Ra) Complicit) | ()R € Fred green) (red , Blg) 3
Cexplicik)
Solukion st“\%‘\merﬁr So\ﬁsﬁlg\ﬂg ol constronts g

BT“arg (P2 all constraints toke ok megk two variebles

&x) N- Queens \Jo\v'la\c\eéxk | 1€ Hows N e'%cokk,uvmgs

_>wlumy
domain 3 O, 1% constrannts® ¥13k (X7, %X1k) € 1(0,0),00,) ,U,Oﬁ

— (O\W

HTJ.\K (X“\:),X\q) e?(O,O),U(OBIQO,Hi 1 Cuoxgoml congtoain®s . ’
also eed o Tﬂc\u\dg z qu =N %o preverst AT sdulon o

all zepoes.,



ax2) Different N-Queens Fovdaion”, Vasioble () ] doman 3 - NS

s> asdigh o gueen’in each row and aséign column Hs.

\}QﬁeﬁQ& Q&l CS PS |

Discrete / Continuoug )rFIv\'KJce/ TnEinte cbomo@ng, Umrg)/RTv\cu(\;/
H’I%}\er Oml%r Constraints ) go‘ﬁ Copstrotat s (?re@@encgg)

HO\U JCO So\\)e, CS PS: SJ(CH\C&CM‘(Q geqm\r\ Fo\‘mubC)\JﬂU(\?h

Shart with ampty asSigament, successer o asfigh o Singe tarlable
LR Uﬂoum be Tneffechive Sinee £he sdufion lives Tn khe d)ee?es( (‘é‘}ﬂf ‘
LDFS works, buk nuﬁ\\ld% d\ec\fw\g solafing doesn't check for early fatls

ch&mcﬁﬂ%l Qne variable at afime check conctraints on £he 1}(&

Cvaxiable erder'(‘wa b) ( foll~ on - VolatTon)

Ls ermJtea"\esi O thecin a (detecting fullures earty) @ prdexing( aduantageus order?)
FIHeﬁnal Forward Qhed{m% ~ cross off Vidlationg wheq Q&&Tr\%
a Variable to an xisting QSSIGNMRIT - it o0 Tnposible wiidle
L> howewer,  doee't £l wiifi] £he actual tmpossible assigmment.

also, Tonly enforces corstraints o the vaciable jusk asstaned..
- Contrdint Pfopo%\o&?bm: ceagen Trom constraint fo constrint



A comgls&emgi An are X—Y T congskent T %vm
T the ol there Ts Some 4 T Ehe heod waliich could be ascgned
Wrkhout yodatTng a congtraint _

Tt an acc 8 Tnconsistent remore an 0SSTg N Mt Trom the
tall suchthok £he arc 1s tow consistent .

——t—

Th o fol T remord), check all arcs that hod T og head
needto be L_AM@ .

Deteck earl\éatcﬂlum i o vasiable has o posdible OSSNments
G Runtime OQ\%}}), can be reduced to Q(n’z d2) .
However, o\de&ﬁm% O\H ’Q\A‘\\A\’Q Pmb\ewxg [T N’\)—quc\.

fre condistay only nTorces Constraumison pates = needs backlmcking

= k=2 s acc co (\’{L%JVQJ\C&_

K- conistency . For ang K nodes, dny asdignments to (k) ot e
nodes Can be “extended” o the lask node
& “axtended” T there @xsts o valid 0 st glien other ass

Strong, 0-Consistency ensires o sdufion o o (3P
L5 all of 10t are condistent



Oréeﬁv%: Houw to fick £he varble /assgnment o oy nex?
VocTade ordering ; Minimun Remalring \ahues C MR\
Ls &ry Vnclables uitéh the fewest clements lefé Tn ks dondin
ol ot Qr&er’\\{\%_) facKle the hordest subgdo\em% sk
Vadue order“u%'; Least Constraunin a Nadue C LC)
L> given o chéice of wrglole, choose the value Chat cules ouk
£he fewest values T Cemaining variables.
> being optinistic Hhak €re endiest pothis correck

QQC\LLCEV\% Structures . Dicconneced %m\sh& —aT“c\ePen&Qr\‘r SR
LsTH €he constraint %m?\\ e akree, CSPis sdved Tn Ornd?y Gine

ex) A_ E 2

/
B—0l_ = A-E-CTE S
C \; (*Ovo\og-kuﬂké sorted)

Stacking from €he Sink node; enforce arc consistency bockuontds yuiag

ulraes wikh tr as heod ore unchecked 3e€ ocdes /‘

= there are 00 wdfiple checks following o cemovel, =~ 42

Hhen, Just Pick variables trom Lhe source.. W Ts ensured

to 3%6 o Solutlon (ace °°“§‘S{E“C5 i &Sﬁam“i\fogd%eo

> 00 loock frac Hing vequiTred | ok, €6 ody NNls ae D)



LF the CPTs ot afree, how about exferding Tnto one?

& Lderfify o cutset £, Lhe crmaning Vacables form atree
= Tmprove vend Tn ruatine From expotential to(knd o) poly.

Ls Jrr}é to cud out as ([trle as z\zogs“\ble ohen ’Porwﬂr\% o Kree

Teroflve 1mPro\JQJY\eﬂﬁ - Stock wikh some assgnment, and Tnprove
Tnconsictent varobles foml\% ond greadily , suchthat £he

recﬁs\k@\\men& miotmizes Ehe 4 of \?emmﬁm”mg\ neonstetenc (RS,

DBCWCICU&J(& of CSP: R= iof{fj‘::gg\zs - [hard when nok exkreme,
> R bTS% adwmosk tiad )QIS amal) %(a\“%e selukton Space

Local Seaech No JFFm%e, Tusterg effoctent buk wcomplete &subopﬁmal

Advercorial Search

"How to choose actions Tn the presence of other agents '
Types of James Zero~Sum Cagexﬁs have opposite uﬁﬁcheS))
General Qammes (Tndependent ukilires) — cooperafion’ indifference?

Detecniifistic / Stochostic b 4 of lagers] Perfect Tnformation ¢
= byld a Strafegy. to cecommend, an ackon based on cuccent stafe



Aduersadial Ganes’, Determirishic, 1 -Plager, zerogun, grfect nformatin
— Stafes: S Cstarks ot o)

—Ployers S = 1 MAY, MIN3

~fcfons & A (depgnds o plager/ stote)

— TeanstHon Funcion s SXA — 3

—~ Terminal Tegt 5 S—= 1T, F%

— Terviinal UfTlites: S—R (ceward = score)

I——é(:uﬂﬂé]
A \Ld_\xe_ op QSJc&Jve = best achievable outcome From hat chate

b B ot tenioad, Sakes”, V()= tax  \J¢s)

Q& Suceesof( SN

A stote Ts terwina when s value is (presumed to ko) known

~ ~ -~

Mirime® when £he acﬁ\lema% chooses, ‘che%g Jc% o mintntze

Ls under opponent’s contro| % \(¢)= S‘Q}m‘}ﬁw,\( (s) }@
def mex—yalue(\I): -
( ° d
RN R T AR

for each sucessor efy® def value (V)2

~ Mmax [\ oy _ call win-velue or
\= (v, o \lalue(succeﬂﬁoﬂ) mox-value. depending

‘(\Q‘HM\ \J whog® turn & 1S



oy il be optinal against a perfect opponert. Otheruise ¢
Ls ImPer{ieG( opgo&\e& - differert mo&el[r@ CExPechax)

Efficncy’s & O(ORY) — Time=0Cs™), Space=bin)

s not realistic Tn most gaie SeeNarios

ame Tree Pm(\ﬁm%: Can we not travesse evary Stgle subtpee?
b Todulon: once we e a vadue less €han Ene curcent max
Value, stop for £hat branch siee ehe mivimizer will retuen
oc Sonehing even worse (the masiizer never chookes it branch |

= \\ ~ = -
S PO\SS JC\I\e C\NFQ(Y& FOUW\% IMAOKLMAWA W\\f\\ro&w@'{' Jro mm—\/o&ue L
oL

m-Value stops eXploﬁv\a when s vaug deeps below Tt (n<x).
(nax-value verdlon s symmetcic) = lgha-Reta Truning-

dof 'mk\mﬂ\ke_(\b%@) * s no effect on riifimax Value for the vort

\ = —(43 o0 however, Trteemed e, volues have

. different values
for emd\ sucesSor o\

max (\/ \mlue(Succe&Sor, L@;\)

Lfr \ >($ (<), rekutny
%= (V)



Good CIfild ordering Wmproves pruing efficiency ¢

Weth “pertect: erdertng’, time ciroe% to Q™)

4ol doubles solwble depth!
Depth- LImHQcL%ﬂ&E giiii?&g&i &PPOXTMVQ affer smedeth
b an eualuadon fundion Guesses €he ity of o state

Not %\mm\%ee& O{JJYTMO& p\a% NN, bt pge THenact e
c\eegmﬁﬂg Tor exthility when computing

Fua () 18 uguouu% o (Tnear combination of agme Teatures

A bud evoluaden fundiion can coue an finite \oo@




Mackov Declgion Promeses

- A set of shates SES, A b of ackions o€ A

— TransHon Functon Teg,a,2h) =P is,a)

= Reward Tunclion Keg,0,5) (somefives Just Regy or Resny)
- A stoct sfode, maa‘oe o terminal state

Mackoy negs & aetion outcomes only depend on curtent state
For an HDS\D, We Wk o po\1Cé Ty S— A
b e o@‘ﬁmaQ PQ\IQ% maximizes Ehe X PGC‘E%& Ol (H\OL

ex) race car

0.5
(0w /SM
>
10 «—lj To Over hested
o< Taste)

optinal Po\?% - WHcool)=fag €, T Cworm) = slow , Thowe) =end

MOPs coq be formulated as o search tree (expeckinax)

A———) current S‘E(K{Q N HD\N ‘&Q QY\QCXQJ\ (‘QU\J(&T\C&S?.
L/ \, now o¢ loke

}CS,O\]—%CV\DSQ A\ action o (QP—SJ:o\*e) LS cﬁ.@m& o O\FC) 3
ST TGARREORY  exponantially

AS LPCy(s,0) (LT3 | pelo )



Foch round, €he ceword. uill be mubiphied by discout Tuctor Y

- Seoter rewards hove figher ewerds Ehan latee ones

L> Tt adso belps rewardss Cofwerge TR thaf approach Tty
(T, f20]) = 20% 0 < Ruow/C1-) (boundad)

How 1o sdve MDPs? — ehink [Tke expectimax, Kind of
L sofes are peated, T ubtrees - cache Lhem L

L do depti-fiwiited conpudation witl| chonges are smal|
\*csy 1= expected oty of Stacking 0 s k acking egﬂml(g
Vtsioni= expected ufllity of the 3-stote (sa)kactTng optinall
T = 4he @pﬁmoi ackion trom stote S

Rellmay EGPMHO(\S (Switlar fo expectinox) i»_:gi‘;%“t‘ia

\[Fegy = o Q*QS,Q)J e :SZ,TCS(Q,S‘)[R(S,GS fm
= \\//\i(\gg: (X );_Tcs(q,%') RCS,QS')nyjg)] - fow o salve thig?

Tine [ntted Values ? /() := optinal volue oF S T e game
ends Tn k more steps (depth-k expectinax foc EQ 1
\ol8) &= O V() %—“\“ITCSQ 9 Resa 9 Jv?(\/kCS’)] e
L fepeat unt| CONRIYNCE, wiich %\Qlds \* (OCS A) each 3*‘3\35



Bellman Fuation for Q2 Qs= SZ,TCS(Q.S‘{RCS&S)W“&* Feon) |
L |eads To Q- value Herufion &Lgor\\fﬂ\m for RIL

But how do we get tofisenadion aloout actlons (polictes)
LTwagine we hove the. optimal volues \ACSY. How shoudd we act?
Do o it~ expecfinay : T¥csy= arghax ;T&lcxl%‘ ){R(&,q(s' A ¥CS’)]
(m‘%mw ceturng the \<e3 value of the lacsest value T0 o dict)
L Po\?ca extraction, Since T geks opfindl pofices by values.
TT we have optinal Q-values, T = 2B Q0
> e#tmc&“m% Pok"(des are & lot eadier Wikh %—\m&lmesi

T saues Wikh valve Therotion s Oslow, ®“max" carely charges
@ policies cotverge Much Faster £han Valueg

= Po\Tcg) -based methods can be more efficient |

Tolicy, EvaluatTon? what are Ehe coeguences of o policy S
> rokher £han compurting maxiiczer nodes, jusk do what peliey el
= S will fake W) and land in g-state (3, TCH)

——>MNo tmore max,skways choose TWCSH

S \eey =2 T 6, 99| Res, 1, 0+ oV esn |




Tuen \%esy Toto Heradions - Vg csr=0

Ve (R) «— E;Tcg,wcss,s@[\%{g,mm,y)ﬂs\fg(gﬂ
- e?ﬁdel\cgr”\s (0¢s*y, nomore factor of o when A g
> uith ok MO s T8 Just o sef o |Teas equations’,

“_5\/-“ \[%—[\N

P@\h\c& Terodion, Alternate betueen Toliey evaluaion %k extvactien
O caleudate uiikies for some Ficed policy, undil conergence

® updatte poliy udeg one-step lookoheod. with caledoded (AT
= sfi opﬂmﬂj could converpe Toster Chan Valwe Temdon

Retioreetient: Lemf\ﬂ%

Sl assume MODP, locking ot a Poﬁc% T¢s)
L Whot 1§ we dentt know Tor K2 Cno mensure of Sood”)
— Must try out acfions o learn From Chem'

/—’6‘\> - Had’\' bOXQ(’* Tf\'ﬁ&h&]
Enviohvert \_ offen acts Pmb«b?(?gﬁaﬂ\qq

OFflne (MDPY s, Online (RLY



Paasive R Us. Active R
> Model ~Rased Rl b Exploretion Vs. Ex@o?mﬂm
b Model —TFree KL

Modiel-Bosed Tdea’ Leacn an o\wv@x“\mo&e mnodel | and
solve or ol wes nguwﬁr\% X (s concect

O Learn 4he Jistribition QFCS,CA SRR @CS]Q )
® Solve the model with Herafien

® Run €he learned peftey, repeat 1§ unsafistactory

Model ~Tree: Den't know T and R, Ficst korn \J sy,
Direct Fualuattion: Just averuge all experiences aTerwands
when) thod sforte wog igThed (a0 stote deprpdency)
L Bellman updates dettt work ble they dQE»Q(d on 4R
= How do we oke €he wRighted OveragR without Koding ¢hen
\]\:\CS\ £ %TCS,TK&\,&(\ [RCSIT(@))SW JVW\/:\ Cg(ﬂ
L> fake samples of outcomes s’ and average them

V) 1 RG we s+ g Ve (3¢ )]

s sw\p\es Wil Jready be me“\ah&ﬁ(i bgj 1cfe‘j,ue’.f\dér




Temgom& Dr[%cefeme Lecm\’ir\% : \eom &lmm Q\I&@(ﬁ)ﬁﬁﬁhﬁ@ ‘
\iee.p ACUNN N g averoge of sy unk] sis visthed 0gon
— gy < (o) eyt ot sample
= \J ey < ey + o(sample —\[esy)

EXPGINQ“JHQQ Mot A flt\fe,m%‘i Mo =C =) X & ™ Xn

> recent somples are, emphasized | post estimates are “orgotten
= 3l aaly doss evaluodion, we wank NRw befter peficles
@“(_eacv\nu\a" va\P - based @"Vo&v\e derodlon
——> Resa gyt 8 Max Qo0
Q(5,0) & (=) Qg0 + = 2ample
=> Converges to opfinel pelicy (orf-poli e chxm'\m%}
s s \0(\% as O-value can converge (% of Aials | (¢ deay ofc)
how we choose to wolleck Qamp\es does ot matke et

Ackive RL? hew to act to collect data?
= The leamer can chooe whek T wants to explore (,
Simplest scheme, € gready (ack mf\c)om\% With probabiltty e)

L ok (\ecx\\% delTherate 0 pr\oﬁﬁ%\ other states
= somehow represent " novelty“ to premote @xploration |



Exliomlr\oﬂ Emcﬁ@ﬂ Feum= Ut 5 (et usulity)

hahwhen Nis low !

Qesor ERes o 5947 Qo) Nesion)

feapet, how effediiely did we teamn? Copfinaly kam £he cpfind)
> less cegrek mRANS fagter IeavnTn%

Feakure Rep rese N adien Tormyos )
Q=W JQCS )
diff= [RCS,O\ N LTI \}
- Q)
Wi e W +xdthf- 5 (5,0



onbohﬂﬁ}gr

Coserved vadables (evidence) s> what the agent, knows
Unobsered vadables agent needs fo ceason abouk £hese

Model:; agent knows how to telate oloserved 4o unobserved

Kandon Vocplles. fispect of £he world we wjfit have ancertulinty
> eoch RV has o domon, diserete, boskean, confious, tugles, ete.
Fo bolellity Ulstetbution - ﬁ%&“k%(\s each value of a R\ a probakifitu
= PCX=1) denotes the probatiliky X takes o Value v
= XY, (PO(:?OZO ) ZPCX=>«) =1 (bogie rles for PD)
ot Distribution’, Pro&x\b“?% of set of RNs Pox, %, %)
> the size of TD grous exparenfidy as vacables tnerense
Events Set of cosstble andeames, PE)= 2. POx,-, %)
ST gets ke aftlher for wiich IO we are wrterected T
Ma&‘cojiﬂdy Dlstetbfion . CDUQPSQA RN bé eﬁm?mﬁ@ RlswdID
b Acks s 1 we have no knowledge o7 e dinmrated R\
= P(X(:m 22 P(X\“—XU Yo=x,) (um upall cossible Ya owr X,



Conditionals " Proly = PGty (Pray gren £hat b aLPeod% holds )

Pcid

> Simple celoflon between joint and condifional probaltltty

= Pees genetaly ly be Found by W\argﬂo&“zo\ﬂ\m e b
Condifiond Distribiton PD over some vadiables when offwrs o fixed
S Aks fike toking o subsetof the JD then cenernaliz g probaBlitRs

Trobabilistic Tnference | compute o desired probatilify based on otres
> gerecally compute condifionals, new evidence cuse befiels o be updated

2\viden ce "P‘W‘é Widcken

Toference B% Enumergion. B bk ey Q \).,,)Qr €>§_n)
> Prale,. e (D(Dmea Q- &k, Hhen whek s PCaa)
1) Select entes condistert witth evidence.

2) Sum out H o gek 0 of E and O, 3) Norwadize

> eads fo runtine & space complexity Ocdny (ToeMeciont {,,\

PVDCLAQJC Qv&e PCX MY PC&\\ PCX ) (dedived from PCx\\ér Pczn )

C&\O\m R\A\Q ° PCX\)X')_J.“JXQ) = {.l PCXT \)... )X,\_l')
> oo )= P Pl Poaatoa 0y = P .- Bt




%0368 Rude . PCx,g): PGQPQQ\X): PCgXCx\gﬁ %P@“m: %:—gm

b usefu) for “f%lﬁlpp"m%" Probobilities when ]cTrdTﬁ% 0N 1 aser Hhan kaex\
l
Frebfecticausey Reaugel efHfect)

ex) M: mevingitiy | Stsibf neck. Fm= 00,0001 Pésfem= 0.8,
PG&(“W\S =0.0] . What s PGV\I\HS)Z

ID N CJrSl/JrW\) PC:W\) Pastm) Perm) N
B \ CHY\\#&) li P PCts) =t = PO, )+ Prag -m) CW\M&\no\as)

_ Feston Peomy 0.8 - 0.000\ T
~ Peasiam Peam+ Perat-m Pe-my Cproduct ewl@) =537 w0 ot oamm ~ 0-00&
BC%QS Ne{'g

L\O\Qgeﬂ(iet\cez XY are TM\QFQ(\CS\QV\J: W %(X,g\émm,&x,gv\%m%nx
- olso Imp\"\eg ‘v‘x,% ) Pex \é\) :PCX) (% reveols hoﬁ‘l\hu% about %)

= Inclepej\cﬁe\\ce s o edeing assumplon ! Empecicol SO are “elege”,

Condifional Tnde pendence - Tndegendent when a4fied. variuble i< dbcred
X 1s nd.ind. of Y givenZ U1

kg2 Poy\2) =Pz Pyl Poxlzigy =Pexiz)
DQCOW\POSA\'HOQ O% C{(\(ﬂﬂ RU&Q : PCX\,M A PCX\)PCXHXOPQQ )

Can be reduced fo Swpler structuuces - Foxalxax) = (X3 %)



BO%QS{ Nets: (&escf\bhm% comprex ) usng local codHional's
GlFO\PNULQ Models nades — vaviables , arcs — tntecactions
ex) N"mc\epex\deﬁ QOT(\Q\'IQSZ W & --- &

o) Traffic & Rirdiing) , TCtmtty  ® —@

QXB —(VO\'?’HC‘._[: R(T, L(_[ow P@&\M‘Q)) /7®\_\€D
D Craef defps) B (BO\U%O\W\Q\ C (CUNN\JV(‘;] © 7% <

r—;ﬂ\u i1 o table CCPT )

SEN\CM\JV CS DA& Jvopo o%% + Co(\o\\JVlohaQ PCX Q(, va\) where
Q=X Tt an edge 10 the DAG, Rx .0y = T | PO%: | Parers ()

QX) PCCW\J?Q} ( G—Co\\n)-\—co\’(chl—'tooﬂ\)

X’— P (testhoche | con i%y) - PGLCON\ . P(—k cokch \-\ cav)
- ‘ (o) Pecoten | emitty) - P ook \* cav )

Loy T8 &S true? B, =1 PO X0, %) Y POt il
¥ NO’% a JD C(M\S(Q (EP(‘QSQW\'Q& %ON\ B M ( S i1 & core o«sgu\mp{-\ou\

of the world mo de\m%
ex) mAepQ\\&eﬁ con i l?g P(M\ th)= TP(X \M\ O. SAr
ox) Tabfic, ®—D Pty = Pear| o) - Petier) =Part Rt
Reverse Cucality? DR sfill pescible fo cecatruct €he TD!
> Oiection of € et do ot mean direcion of cmﬂ“ﬁ%ﬂ

% lo po\ogé recxug) encodes condifional xpm&nb?ﬂﬁ@




Size of the BN N boolesn vasiatles — 2" entries of IO
> Noaode BN with <k Pmmﬂlvg -+ /\] J)(km entries oF 3 D
S k<<N, Neff*')< N 5 Laeter locad (PTs & @VWEV’\\QSE,

Boyes' Nets Tdeperdence
? o FoQ s

ex) Alacn L Fice | Smoke. = Alarn does't care about soure of swoke

BN often give rise to addifonal condilonal Trdependence.
ex) @%@ —Q) %@ . ZLLX\%,\ULLX@|2~>UJLLX\‘AZ? how

D-Seperation; Algoritin Jor detesifing condifiond independence fromg
> study propecties of triples, then compose £hem into complex paths

:Q Cousgual Choxﬁms‘l @ —%®—%® PCX,Q,"AQP&SPCQ)\XSP@[@
Ls ZM‘XC“—L\SB Mléiv howewer 7 X LY Ts true! (Peagg= PCzt@)

2) Common Couse - ®/ ®\>@ PCX(\A (z}:PCgXPCx\g)PCZ\ )
bzgxc;ﬁgﬁg{é&) however Z WX\ Y Tetvue ! ( Przix 2)=Pziy))

3) Common Effect, © ®/® Plxy 2= PooPep Pzixg )

b Xll_\(cgif“&e), however K ALY kz s Tl VY (Gt s (Tkely ot
one s actually contribufing to Z, uolich decranes (Tkefited of Lhe ctfer)



Actue Taock ve

capl @030 | 860U

o Py | T D

COUSe SO

g Sugt | A LT
VU =Shructuce
O,

T
=

Gererol, Coges enfive grophis just. repetition of the fves caronical cages {

b AT takes €0 block o path Ts agigle ackive seament.

ex) A-R-C-D-E -~ A-B-C,R-¢-D,(-D-E

L5 Ehere are any, Pokly X o> hok s ackive, ot D-sepensted,

% XY 1323 7s quorankeed 137, Yad Y are D-separated gien 77}

> TKGs does ot Py ongehing about XY Z when, Kand Y

orer/t -sepemted , only £hok s ot guarantesd |




Bo%esf etz Tnference,
Tofecence. Cd eulafing Some uselrul, quoofifies Trow a § 1D
ex) Rierion + P(QUERe,,... B o)

Most fikely . OB P05\ Eime,,.. Exmer)
Tofecence E& Envumesalon Ts slow Ye Tk e»qsawol& Lot ID
\Jartable Himination can 4ake shorteuks when «\a@mﬁﬂ(\a .
Factors P = sus fo - @ T x0) == sums +o Py
Ry Ix)=>sums to 1 @ PO = sums Yo Ve
® PrylX) = sums 4o... unknouwn ! Im%e(\eml, PO MY )

ot o dimension %GF\M Yo % of ux\m’fg ed vacables

Enumeset on zz_?(l_\ o Peste) \s Elwinadon, zPCLlairPcn Reere)
T4 we have evidence, starck with aon<igfent entries on la(/\,

Gereral. UE Procedure. Qe Ev-ex)
while FH. Tein ol Foctors mentioiing s then eliminate Hi.
Ff%\a“g, roctalize £he TO fo mafch Che @ﬁ(cfmai c%meré\,

>haglcaly reordering to lessen fedundant mulfiplicatTons | worsk case
exponendial cuntime w.C.t. Size of £he RN,



%&ges' Nots: Sompling

Sl T fike cepested Sivulodon

Busic Tdent, Drow N sangles from sangling diktrtbution S
Compute an approrimate poserior probalility . Show £hat S
Cotvrges to £he JYWQ pmbmbﬂﬁ‘g P as N grows,

S‘vepiB | < W\htorm(o, N (Kid of %“\\IQM
Sjrepl) Cotvert 4o an outcome bused on subTtervals o [o,0)

FCor Scxmphﬂ%l \ uiue,g repeot Sonpling Toom start 4o Fingh

]Dor == SQMP\Q X3 §FO(Y\ PQ« \Po\ran&&b(ﬂ)
Reiecfion Sompling Only sample Chare thot are absdutdy needed

Jor 1=0...0: Sample X3 Srom PCY'\ | Pocents ()

% ot condictent wikh evidence: regect 9 return em\&

s Regecks o LOT o sawples , and afidence ts nef ukilized..
| tkelilhood (I\]Q%W%‘“ Wk TF we gust fore the evidence 4
L Sust doth, buk keep track of £he. [kelthood Chat t ACTUALLY
hO\Ppelr\g Litkh o weight factor



Wel.0_fori=l...0°
b X- 12 an evidence Yarable:
X; < observalion % for %5

Set w & W X PO | Pacents (%))
QLSQ: s kXXS’;CO\.ué weans Es T C’OPU:l\IOLKQY\ﬁ to w & of SO\“‘P‘“:

where we[0,\)"

Sample Xz Srom P | Pocents 0)
L Pre&%% good, Just That T fgnores evidence thaf comes labep
(vibbs Scxmpl”m%i Kind of (tke {ocall search, pertuch one ebservafion

1) Fix evidence DIt e ol oher variables
3) @epao&f Chooge o non-aidence varable ¥,

RQsom\ple X o P(X | all other varibles)
= PO all ther variobles) T very efficenk due to ancelation
wikh BN &sgumpﬁot\s



Decigion Network

Boges' Neks, but wieh addtional fypes oF nodes |
— Action Node ( some domain, agent's cholee) —
T UJYTWV% Node ( based on Hs pare(ts urtcome s ) <>

Gonl s Morinize expected. ufiltty, yien the evidence !
Ackon Selection® 4) Tastartiate all evidence.

2) Set ackion tn aery woy 3) Caleulote posteriors

) Caledote QXPQQJTQCQ okt 5)Choose vv\oxx'“\m“\ﬂv\(o} ocon

Altvest looks (ke expectinox /MDP, but with BN diskribuion
% MEU can decrense with addironal Tnformedion, but i
doesiit mean Hhat we are less hoppy, T just meang that
e titial assumptions were facearate dexriptions of reality .
M EU(E=e)= (NAX 2P(sle) UCS,&) ~(same For W\ul’{(p\e SN
\odue oF Tnformafion: compute the value of acgiiing evidence
L Value ;= expected gotn 1 MEU with rew eiidenc

 MEU(E) =2 Ple=ey MEU(E=¢), \PI(E) = MELE)-MEWe)




\[PI Pm\:erjv e
£ Nonvegofutty ¥E' e | \PL(E' ) 2 @
2) Nonoddity - \)PL(EJ,EK\@%\I?KE ) YPL(Exle)
3) Drder ~tndependent. . \IPT(E; Ede) = VPLCE le) +\PI(E Ey o)
=\(PTEJe)+ \PIENER)
% T Povents (W) 1L Z| Cament Bidence , &hen \IPHZICuncBi) = @
POMDP: MOP, bk stofes ugdu&e Greir \Dvo&x\ﬂ\"\ﬁeg over Kme
> Solve UsTng +runeaded. expectinax +o aprofivate utifities

Hidden Mackoy Models
"W hod TF the stafe of the worl oﬂ eoljes over £ine

M&(kou Mocle PCX Y] PC Xel Xeoo) T Same Foc all CSJCCL{’lO(\CN%)
> pastd firture Tndeperdert of present, only deperdert en previous

,PC B E % ch-t-\ Xe) — ‘;;—\ PO(’C\Y&—\\PCX{—() T C.O(NQ%’Q% A £~ \Q
Shafionagy Distribiion. Ra00= ()= I Pxia Pty

> Ths can be solved ag aystem ot Gneae eaPmHomi

Housewer, Markey models are ée(\emll% not good moo‘eﬂﬂ% o mﬁ“&fc%



Hidden Mackoy Models (HMM): obsevve Qtputs at Ay Eive Skeplb
gde.g‘ TY\Q& b& Tntfal PCX ), Teansitons PO(tht ) Mwﬁl

s @ o @ @ Frads PO(-&_—Q\_ e_t)
Obsewed}i @ ‘W

In&emc‘lex\ce Proger‘ue& s DY 8 0(\\% degex\cle«& on XK.
2) Custent obseruation is ndependert. of all else given the currert state
% TE 18 not e case that evidences are aﬂwo%g Tndependent !

{:I\J(eﬁv\gl Tmc,k"m% ond u@aﬁt\% B.oo)= B(Xde. -ec) over Eime

S1deq”, shurt ok Pox) and dedie B us“mgB&_lQQ
Two Steps P&Smge of Ttne & Observodton (Ta comPl&eQ‘ Cop lefe)

attu “-3 Uvelevane!

> Tossage oF Tinel Beto=Rixleny = Rotdew =3 rlxetaloe.
-EPOQ« X&.BP(Xt[el e) %,‘B (Xee)= ZPCX l»«)&xQ

Constant

L O&)SQV\J(XJV(OW\ B (Ytﬂ P(leex t‘d %P()(Hle( )= PCYt*\)et\ e t /PCea vewe)

Treelevant!

Xtﬂ PO(’W Lu|Cre)= PCQH[\Q\ * X&\SPO(&H \&:e) T Fcew Xex) P@kﬂle\ )
= B0) )Xy P(etﬂ\xﬂ.)%CXm( rewe,\gh’cu\g bellefs aftter ohsqmg)

Ls reed enormalizafion atter dedadion




Forwand Algorithn, oxde) ot e g Porctiea P e
— How do we deol with \ow&e Stode spoces?

Racfcle ‘FIHQF\(\aZ Approximade Tnterence Tor Mackou models
L> Reyresemﬁon of PooyTe o liet of N samg(es Cmrﬁde@

Pa&m&e of Tunes X'= S&mp\QCP(X' X)) (generute the nextstep)
w(X)

Observatlon: woa=Hex J B(xwmlﬂ’(xy (domnwe?a\wh wrt [tke(thood )

ReSo»m&)\e,: Chosse few sumples bused on Roos distethudion (« (e!\ormalizTﬂS)

Dypaniic B%e&’ Nete : Multiple Mackev / Observedion nodes n B

Machine keacning & Nove Rages

“Howfo acquire o mode from doto./experience”
_alobely Avevoedduc. 00 (abek, jusk fexfures

Types of Fokens Supeyised , Reinforcemertt, Unsupervised

5 ClasstfTeodTon . Discrete. domating
> Regrestion t Real-vodued domaling

Sui:e(\ﬂsed Lﬁ&ﬂ\“\%

ClossTficoton, Dukosek (% ) ™Fentures == Redick 4
ML lesens patherns befween Features and (olels From dota |



ex) SPOW\ Filter: DO\’\O\%QJ&CEMUC\\ 1 Spow, \r\ouv@ R P(‘ec)ﬂcjc Spoms |
L Whot Features do we wank fo look at? words (FRER), symbels(4), .

ex) Dig Recoghﬂ\lvﬁ\on: Datosek (Pixel g(:\cl ,10,.. Q%) = predict dﬁgﬁc& \
L Features | Poel(xy)= On[OFE | shape patteras (CO‘Y\PQI\Q(\\‘S , Loops,..)

Model-Based Classification: Build o BN where both latel and feafures
are RV, Toctontlote any observed vorctaldes, and find ditributionafy.

Nee Bowes: Al features (oo Tdependert effects of the label (1),
= o0 P, Periv: Probability of feotture,, Given the label.

Niie Bages for Digits  One feadure T for every pve] grid positionliy)
P00 (Iikefihood of every digts), Per vy (on/ff uohen thelobel T )

Nave Brges for Terts Wr s e word of prifiont (Wi & Iickionaryf)
Morater, each Pluk|y) 1 ossumed tobe the same = denfioll distrited
5 Tiis ossumption cediuces €he 4 of pacameters, olso gereralizes beter|
> However, il be Totengifive to word ordesing! (erg'[%ﬂ chotee )

— vy (span/ ham) PO Tspom, hond) (kefthood of word. glven the
th?e oF endil )



Lo sereral, the oink preolifty tll be Pevr, . my=Poo TR
Ls {of] % of parawefers T8 (ear wf. 0 L

= Comp/\ﬁ“g PC\(lF\,...Jm 18 Just Toference BN,

- Toference by Enumerofion s DOV, Ry ooy ,E,..,,RFPCY\,\T}\PCE ).
= Py T PR 1g) then normalize toget Plys 14 . 4.

(+eolinable )

We also need fo esfimste the CPTs - let § dendte all pecameters |

Pacanefer Esbimation: Empﬁ\vﬁ\co\u% leacn MSR“% JtrofwﬁV\% dotta PCOsalb)
b Mavdomum | Telthasds choose B ok masimizes the ?rob&\{kl?c ot dakal

— e O\%WQ\&X(]Q(% where TCg) s the probulility of datar happeriing
Usefld Facks Orgﬁémc(es = Q%“ém( Q/ﬁ({](e\\ (eosier c&)q&\\é{fg&éo\uﬁor\)

dfderentiafion
i % of
b e (\\m\le%@éﬁ&, P@: h&o&% ; PCH%F %TE fﬁgb

Eongictead Risk Minimization's we wont models to peckorm well on unseen dora.
b Mere Mﬁﬁu\& data, or reguﬂcxﬂze mode QOMP\QXTJC&
However, trdining dado. could riisrepresent the true distribution!

[ngereral, we don't want 4o asdign © Probo\\f\\ﬁtﬂe& Yo unertmn Ds.
- (eed sw\oof(\\lu% or reéu\hdmﬂor\



1T Cexatk COa+tk
L&’PL&CQ S“\OOJCJ“\‘%" PLAPkCX> T Tlcoatkd T NKIXD

- Tntuliwely, actog 1 we observed k more everts of each outcane,

Tud{xgl Ind. Ehe opﬁmﬂ smocs&h“mg value k e held-ouf dodaset

Pemepfcmﬂs

Binary Clogsifier, defiuation,(x) = Sg“(i( - CX)): 38(\<@ -foq)
L> dot product Jgifies the correlodion between weight 9 feature
L\ the {Zegkufe vector space, d&'&oﬁ ae POTWIYS ) C“\d u)él\g\& \edfors afe P\E‘i‘f;_

p—

= we need fo learn £ me@& vector Trom dof. T
gt Uodutes: =7 B0

correct (abel

up dote T4 Y s \umm&(aaﬁg‘)) W <« Ww J%Qf

'*L\*vu"\&ﬁ\\lel%, we are. Shﬁ\qeﬁ(\% e hypeeplone Yo ceflect ohserved olada.

Muidass Decistons @ for och doss ) Y= avggr\(}\x @ oy

ks UP&G{‘Q Wy= (03—{?60 Jor wrong ansuee, Wy ——waﬁﬂlm Tor correct angurr
(thy+9*)

TF #he dofa ore perfectly seperable, £he perceptron will converge
l%HOUJQ\IQX\) ® mm%\‘&. have P(DHQN\S F oot Ud\ro\sh'h\g 3Suhop{lmo&5



| ggfistic Regression

Noo-Seperalie Dot Any (ineac boundory il moke ok kst one aistake
L Toferprek. Ehe [ine ox o probobilistic decist on (L 50.50)

Percep*\“o(\ SCON\% 7= -F o0 ~ vt B >4 poSttive, >0 UF negative

= ST%W\O d: 2= Hez achieves £hits behavior | x «

= T{y=1|x,w)= ‘mrn ‘Pr(g~ oY= l—ﬁm
k> Tnereasing o will nake the boumdar& sharper Cbes& W? )

MLE of LO% @eg Log tkelihood] = i&o& Pr(g( | \
= o probiliie Tntepretalion can also Tnprove the sepemk\e case !

Mulficlass Log Re%' Nz.eiz,. 2 go%mx(zﬁﬁ L e
s &m&\ﬁmm&mg ov%maﬁ actadTons nto M cxcjtwo&koﬂg

Wg oy

'%”PCg XKW = Te“n“— for Percetfcron LT\JYQVPVQI(QJC\M\

Dee\o Newrdd Nebwork:? Cascmoiln% (oglgﬁc cegression of muﬁ’c“ple lag ers
> o fidden loyer b s= @R = @(zmm o)
= To Makrix form, RO @(\/\)m }\u ") where W' s 4he ma&m[_ j
Ls Kl uges MLE | buk viow T Ts Herafive,

§L--£L






