> R o]

c E—NEBHEXE, BRANOMOL 1 Q2, QIEEXNHHIEZ
0.8, TTIA¥k1E100TER); Q2#EXTAIMERZ0.5, T [UFk15200
TR,

c NRF—NOBEIELEFH BEALFEIXE OB, WRFE—
Mol BEEARIER, Nz XEIZI& I,

e [0 MiZFGEEEB—aBMmEER R HFE RS NEIEE"



AT EREHIRIED K

FE—EP . ERFMA K (Search and planning)
B IR HERHEIE (Probabilistic reasoning)

« EfFiZHT

* IBEIRA

« IBERIAE

- MR AFIE

- BILZY $EKAD

. EFRE!

« F=F: Y1885 (Machine learning)







Inference In Ghostbusters

- EMIRERE L — TR,

R

- R ECE A AT E
NP

* On the ghost: 2T
* 1 or 2 away: &

* 3or4away: &

* 5+ away: Zx

= Sensors are noisy, but we know P(Color | Distance)

P(red | 3)

P(orange | 3)

P(yellow | 3)

P(green | 3)

0.05

0.15

0.5

0.3

[Demo: Ghostbuster — no probability (L12D1) ]



Uncertainty /N E M4

- MBI E (evidence) : Agent knows mmm
certain things about the state of the

world (e.g., f1&EE81EEL or symptoms) ...
« WH MR E: Agent needs to reason

about other aspects (e.g. where an object
is or what disease is present) M
mmm

« BHAY: Agent knows something about CLEIZR=H:
2 AT S A 1A
 ERIEIE 25 7 FAVXFE—PDEZE for @mm

managing our beliefs and knowledge



AHE E M (Uncertainty)

B0, ¥FaRAMITIT R EYLES B2 10:30 am
« L1780 A, = BEEEYIEERA t MR ER A
o A TR REARIERE £ KAIE?
W o] 58 {3 o) &
© ERO O ER M (RTARIN, AR H A EFIFRT (8], F)
c B RENEES (KB BHRE, aEHE, %)
s SARBRAEEATIFERE & 2
. %%ﬁ%;ﬁ/ﬁﬁiﬁ?&?ﬁ FIEMIR (ZERERETRIA? S IR B e TiEZE L4 oI sE £ I
JIERE



X ANRE ME R R XS

B2ZMe ? AT, ALY
WX 1% 2E A U A 1E R
* A1440 ~0.9999 E_L kP
° /:t&lt_t _KM_)O.QS 1 f@jgg
¢ LH:, /41440_)0_949 _')/_‘(\—i'%jgg
« BEXRANER, HUBSREMEAER
BHLX (Probability)
- RIEMA VB AT RENAFTEN Ay BPAEE EAAIEEZ 0.92



& (Probability)

B REN BEF, AHEBAEMERE LHEEREK
« W1 (Jaziness) A& HIEIMEREIN BT, &
» THM (ignorance): S RLEIERERT T BN, %
s ARXEEZ, EUEEHE
B3 X fy (Subjective) or DT Er(Bayesian) &
« 1R¥EB S I FNRRZS SRR E A AR
» BIA, AL EHL | A1 BER) = 0.92
o AR FEFT M ZE IIRAY T AL
* Blan, AZEL YL Ao BB R, HFLA4E %) = 0.96



3R (Decisions)

BEIXFH1E:
WA F K| Ay FTE BT 2H9158 ) = 0.51
WA LKV | Ay ST B BT 2H9158 ) = 0.97
WA L EY | Avgao JT B BT 2RI ) = 0.9999

BT EW— 17807
lﬁﬂ}llﬁiﬁ':ﬁﬁ(preferences) flan, NeEsEL kA, VI FESFE VN E

IIIIZI—.I'

lﬂ( A/ Fllzs [REE) Utility theory , RXRITITENGE R MmIF T3~ IE

W (REEFE) Decision theory = ARIE + MK RTE
B (BAMLDFRE) Maximize expected utility -

* g* = argmax, 2., Ps| a) Us)

10



Experiment

Probability

Event B

_-—-

1

Event A

Sample Space Q
(Set of Outcomes

A Law
P(B)
P(A)
A - Events

Figure 1.2: The main ingredients of a probabilistic model.



Some Properties of Probability Laws
Consider a probability law, and let A, B, and C be events.
(a) If A C B, then P(A) < P(B).
(b) P(AUB) =P(A) + P(B) - P(AN B).
(c) P(AUB) < P(A) + P(B).
(d) PAUBUC)=P(A) +P(AcNB) + P(AcN BcNCO).




e RN

Multiplication Rule

Assuming that all of the conditioning events have positive probability, we
have

P(Nr, A{) = P(A,)P(A2 | A1)P(Az | Ay N A2) - P(An | I"'I;:li A;‘).

Event A; NA, NA, Event A, NA, N ...NA,
ﬁz o \/O o \O
P(A;)  P(A, A, )\‘Yj A, HAE P(A1A; NA; N ..NAR )




84125 & (Random Variables)

s — P EEALEERER 7R P IRAT T AT E IR
71E (EX8, Bo EH—MNREMRE)

* R= REBBETW?
* Odd = BTFMBRBEERZE—1EFEC
© /= REERIEZER?
* D= R Z KA E R BEIANIS?
* L = Where is the ghost?
s KB
- fEYEEth B EE

* Odd in{true, false} e.g. Odd(1)=true, Odd(6) = false

s BEIEEH Odd=true B p§ odd, Odd=false 5
ﬁOdd

* 7in {hot, cold}
* Din [0, )




Random Variable X

Sample Space
Q

-

___—-"’/ X

Real Number Line



WEZ 4 (Probability Distributions)

s BMREERB—MERRSER, FEIAA 1




RSN

B NMERIER B AT B EEEE

715

P(T) P(W) P(hot) = P(T = hot),

P(rain) = P(W = rain),

R AR R

B—MERE 2— MR-
P(happy) = P(Happy=true)
P(W = rain) = 0.1 P(=happy) = P(Happy=false)




B4 (Joint Distributions)

AT ENH S5 X1, X2, Xn

ﬁﬁa-éﬂ)ﬂiﬁﬁ (ER) F8E 7T — P ELHEL

RX =X, Xo=Xo, ) Xp=Xp)
AXL X170 Xp)

W E ST
RX]_’ X21 .“1 Xn) 2 O
P, o+, ) =1

X1, X2, Xp

P(T,W)




EX & 010 HP o BE AU SR

BEERLT
W AREAL & B A E (A E TR
RIMETREOMTR, BNEENFENRESS

W40, FAET Rolly and Rolly

WO REHRE L0 6x6 = 36
BEIMREZ D 1/36 each (AT 4??)

0 ATE, SAEBHEEANE ﬁﬁmkm%z¢?£¥V7
NG T BTSN, BEER TS HRR LTS Bt

21



Probabilistic Models 7FE%ZZQF§9_EQ

* MERARR BNR ST —ARETLE
EEB— P EREMED T

* Probabilistic models:
 (Random) variables with domains
« —HTEMRE UM — N LHEE

« Ex 549> 4n: say whether assignments
(outcomes) are likely

o JFAI/£: sumto 1.0
* ldeally: L2 BIAVEREXEKLERD

« XJ b 2R 2 (o) @
* Variables with domains

» Constraints: state whether assignments
are possible

* Ideally: only certain variables directly
interact

Distribution over TW

Constraint over TW




Jlnl

S AR

[\ —PEAIMREZSEHE
MHRMREZN (X EEEE)
‘PRI, BE—TFFBXENKED,
L o] DUt E R E AR

« #t& hot AND sunny?

« #EEhot?
« #&hot OR sunny?
s BEBRNRUONE BB E
( partial assignments) BIZEAE, b4
P(7=hot)

P(T,W)




] TR SR
*P(+Xx, +y) ? P(X,Y)
*P(+x) ?

*P(-y B{ +x) ?




75 > B

LI

* P(X=true, Y=true) ?

* P(X=true) ?

« P(X = Y)?

P(X,Y)




1h %5433 (Marginal Distributions)

CHESHREREE LT BENT R
S (R0 B RFIK A 47

P(T,W)




P(X,Y)




M2 (Conditional Probabilities)

s REMREMF MR ENEEXR

* Khr b, XWERFHMEREN: b
Ra/bt)= A2
AD)
ATW) P(a)

! v - — N _HAW=sT=c

hot sun 0.4 P( W_S/ T_C) — P( /D( T:C) ): 0.2/05=04
hot rain 0.1 /L
cold sun = RAW=sT=c) + BW=r,T=¢)
cold rain =02+03=05




K

- NE—SHIEEI BB

RA /D)
Ra/b)
RA /D)
RA[B)
RA[B)




2> <1t

P(X,Y)

R

* P(X=true | Y=true) ?

* P(X=false | Y=true) ?

* P(Y=false | X=true) ?



443 %0 (Conditional Distributions)

s FHEMRLOM--SHATENERENNE,
PSR T BRI 10,

 P(W|T = hot)

P(T, W)

P(WI[T")

P(WI|T = cold)




- /AR (Normalization) F715

_ AW=sT=0
-~ AT=o
R W=s T=c)
RW=sT=c) + AW=r,T=c)

0.2

RW=s/T=c)

AT W)

= S5 . AA =04
02+0.3 0 AW/ T=0)

—

AW=rT=c)

PW=r]T=c) =

RAT=c)

AW=r,T=c)
RW=sT=c) + AW=r,T=c)
0.3

= 02+03 0




- RIS

P(T,W)

P(W=¢T=c)= P(VI;(: S:TC): 2
_ P(W=sT=c)
PW=sT=c)+P(W=rT=c)
_ 0.2 —04
. s 0.240.3 -

T FE APLERT IERR4L, X LB
SiFiR i
(evidence)tly P(c, W) (1 b{l]ﬁ"ﬁﬂ
B A A1)

P(W|T =¢)




TEAA TS
P(T,W) ﬁﬁ_f ABLEFFE IERR{L X L
WE3E(evidence) LI _
wEamz  PloW) (eI PWIT=c)
51)
q q

o A ARIXFE? HIZ R Plevidence)! (XEE, P(T=c))

P(l’l‘xg) — P($1,3§2) — P('T]JQUQ) S5AREZS
P(xQ) 2551 P(Il,wz)




Quiz: Normalization Trick

*P(X | Y=-y) ?

P(X,Y)




W RR) {52 )35

m IR

mE—5 itHE 7 = FREI 2

- RLCHYE X

mE— 4 BE—IRIL Z

mfj 1

—lﬁﬁ%ég\\
FrEmz 141
151 2
4k
—




WEZEFETIR (Probabilistic Inference)

migb s NEAME MR ETE—NEE
RIBER (B, MBS R R E &)

g SR NTENE RS FITER
WPCER 217 | RERBEREE) = 0.90
WX L3R T H R ATE LS E LB (evidence) TRY 28 belief

BRSBTS R AL
WPCERT R | EXBEY, £ L5 mHEE) = 0.95
WENZIA | TRBFEL FL5 /%, TH) =0.80




#8173 %25 (Enumeration) Sk #ETE

ey
PETRR  mEEs:
. -LEE-TI-/__I* "ﬁ"— Elu.Ek:el.”ek X17X27 XTL
-t o e P(Qley ... ex)
1.y
al /“"'——,'-F: Y 3% n "“"'— *%D/ﬁ:}ﬁﬁ‘% _ k,‘_:—}{:: -
%E%*é—j%i \ ;H RS ili—/ R
HI ﬂﬁﬁ% BIEEA 1

57
1




I8 T Al Zs SR TR

* P(W | winter)?

* P(W | winter, hot)?




H|ZEHETE

» RZEERTREIEZE O(dn)
» FEERFE O, BFEFWEIKED



FeEH I (The Product Rule)

B EEHXGom, BETERES M

Ra/b) Ab) = Aa, b) &) qo/p= 220

Ab)
[~ -



Py Wl

RD W)

Ra/b) Ab) = Aa, b)
26 AD| W) RW) = RD, W)

A W)

—

RO, W)




52075 (The Chain Rule)

W S5 R RS, (EIECS 0 7 o] IR B IR ERER A

ELW

P(Xl; X5, X3) = P(X3 | X1, Xz) P(X1; Xz) = P(X3 | X1, Xz) P(Xz | X1) P(Xl)

P(Xy, Xypeeey X)) = H/. P(X: | X{yerey Xiq)



DIt Hr7& U (Bayes Rule)




DU HEr= N




DIt EmAN(Bayes’ Rule)

BT AR RS BB EEHMNRKED .

P(z,y) = P(zly)P(y) = P(y|z) P(z) B2 Tk ! }

miaRk s, FAEE:

_ P(y|z)
\ P(x|y) =
B4 Y P(y)

it HAITE—DFHHE, NeNERBER
WEE— PR HERRAETE, BRENNAS— T EIRE

P(z)

B .
u éﬁiﬁ?-’?“%%ﬁ”*ﬁﬂ%, WRRHEE Aa) 2SR A .
Ra| b)

WiFEZ A TEERGHERM
BEEEPNATERE A Z—!


http://en.wikipedia.org/wiki/Image:Thomasbayes.jpg

) DU BRI 47 HERT

» 20 MR SRR R BRI R T IS M

4+
PJEF] | 7258) = A ZEE | /?/\)(@ P& A])
« 540:

* M: meningitis, S: stiff neck

P(m)=0.00017] _
P(s| m)=0.8 B SSiE
P(s) = 0.01
_ As|m)Am)  _0.8x0.0001
Am/s) = As) - 0.01

« IR meningitis HERBETRIE R\ 0,008 (1BLLSEIMEABOR: — H1T4?)
C IR MRE TEREERIZERSE A7

P(+s| +m)P(+m) P(+s| 4+ m)P(+m) 0.8 x 0.0001

P(+m|+s) = Pts) = P(+s|+m)P(+m) + P(+s] —m)P(—m) _ 0.8 x 0.0001 + 0.01 x 0.999




NGRS

B BEWANFEVIEEATIB, EfIRVEEZ A E{true, false}, B
E{true, false}, FEHEH TEHAEXRE:

P(A = true) = 0.5
P(B =true | A =true) =1
P(B = true) = 0.75
* IBITEMEP(B = true | A = false) FY{E?



Total Probability Theorem

Let A;,..., An be disjoint events that form a partition of the sample space
(each possible outcome is included in one and only one of the events A,,..., A,)
and assume that P(A4;) > 0, for all i = 1,...,n. Then, for any event B, we
have

P(B)=P(A;NB)+---+P(A,NDB)

=P(A1)P(B| A1)+ + P(Ax)P(B| Ayn).

A Ay NB
A1
B 2 o A, NB
B
Ay NB
A2 AS B¢




T—XHAE

Wt 37 14 (Independence)
W% {4 £ 5% M (Conditional independence)
W D1 -7 X 2% (Bayes nets)
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