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Epistemological Commitment
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True / False /| Unknown
‘G.AL:\.:&L}/C;.UJJJLB/C;.UJJJ
True / False /| Unknown
CL&L:\.:&L}/&:A—UJJJLB/&:A—UJJJ
True / False /| Unknown
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DECISION THEORETIC AGENT (DT-AGENT)

S e AT YU s s La RS €S aranal 45,3 Jole S5

function DT-AGENT( percept) returns an action
persistent: belief_state, probabilistic beliefs about the current state of the world
action, the agent’s action

update belief_state based on action and percept
calculate outcome probabilities for actions,

given action descriptions and current belzef_state
select action with highest expected utility

given probabilities of outcomes and utility information
return action
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PROBABILITY BASICS
(0ol S Al Ha (Kae el 5 7 M) Sample Space
(08B o caalasl 5a ¥ sl SLSA) W Atomic Event Possible World Sample Point
O gas LS“LS-‘MJ-“"t%u"-“-‘a.~ ‘%’L""‘-‘-‘M“FQJ-“:‘ slas <o (Q P) Jlaial Jus Jletal slas
Y Probability Model Probability Space

an assignment P(w) for every w € () s.t.

0<Pw)<1
2, Plw) =1
. P(1)=P(2)=P(3)= P(4) = P(5)= P(6)=1/6.
£ gad (sLad ) (sl4e poma sy 5 A ::; "L‘Zﬁ;’

P(A) = Z{weA}P(W)

ya.. P(dieroll <4)=P(1) + P2) + P(3) = 1/6 + 1/6 + 1/6 = 1/2
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RANDOM VARIABLES
(o2 b Buia olael Yia) Random Variable

Yo: Odd(1) =true.

Jladal as’y o3

sl Jlaial s el S X Sulaad uiie
2 o= RS - > Probability Distribution

P(X:~CE7) — Z{w:X(w):T-,’}P<w)

.. P(Odd=true)=P(1)+ P(3)+ P(5)=1/64+1/6+1/6=1/2
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Given Boolean random variables A and 5:
event o = set of sample points where A(w)=true
event —a = set of sample points where A(w)= false
event a A\ b = points where A(w)=true and B(w)=true

(e s OB s slau 1S o
cola jaatie glao s SIS0 G s gl glad s S

ol Ghie Jao = Gsad (sl (oo slaniie sl
e.g., A=true, B= false, or a N\ —b.
Laiia true « Seasl slasla gy Jusd =8 )%
eg., (aVb)=(—aANb)V(aA-b)V(aADb)
= PlaVvb)=P(-aAb)+ PlaN—-b)+ PlaNb)
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Boolean Random Variable Propositional Random Variable

193 Salal yuiiis ‘ Slo IS Salal e ‘

e.g., Cavity (do | have a cavity?)
Clavity =true is a proposition, also written cavity

(finite) Ao AiuwudsS ‘;édhd J:\i:\.a
(infinite) u—‘“‘-‘:“l-‘ Discrete Random Variable

e.g., Weather is one of (sunny, rain, cloudy, snow)

Weather =rain is a proposition
..L\_«I.:Ls (ba%." @L@)f@.@\s.}m‘gd\gt@h d:sl_i ‘J:sd\.lo

(bounded) syl s s gy Subual jadis
(unbounded) O'Jsg;:‘ Continuous Random Variable

e.g., Temp=21.6; also allow, e.g., Temp < 22.0.

el soliial Jols Gl slas, 158 5 sl sats s S5 ,a
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PRIOR PROBABILITY
b i yad Jlaial Oty Jladal
Unconditional Probability Prior Probability

e.g., P(Cavity=true) = 0.1 and P(Weather = sunny) = 0.72
cowl (waa ) aald o Gael 4 Gudng 5ol SBLSe (o158 o Gty Jlaial
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JOINT PROBABILITY DISTRIBUTION
S e ol die ol juate 4 Sae slac il (sdea s | Jlaial jiolis Jladal asy 3
P(Weather) = (0.72,0.1,0.08,0.1) (normalized, i.e., sums to 1) _Frobability Distribution
.A."Su_o e | ujal_m: Joint Probability Distribution

P(Weather, Cavily) = a 4 X 2 matrix of values:

Weather =

sunny rain cloudy snow

Cavity =true
Cavity = false

0.144 0.02 0.016 0.02
0.576 0.08 0.064 0.08

0 9 0ula frly (O a1 93 a0 99 SaS A 13 95 o0 (Aola S0y g0 g3 i gy gD
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PROBABILITY FOR CONTINUOUS VARIABLES
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P(X = x) = U[18,26](x) = 26 518 s ot i, s

0.1257

a-' HEHHHHHAHHHAHHHHEHE

18 26
s e V OTJIS) &S el (density) Jlaial) JKs B S Plasyl o

clias
P(X =20.5) = 0.125
Ol cwl ool 281 o

lim P(20.5 < X < 20.5 + dz) / dz = 0.125
dr—0
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CONDITIONAL PROBABILITY
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Conditional Probability Posterior Probability

e.g., P(cavity|toothache) = 0.8

@l g0 (o 4S C.\.wl. S O s4aa toothacey <Kl (o538 b Jlial Jas 4
sl 3 sy CaVItY Luila 80% s T sl toothace Ky asisl 43

L b sl 58 sl o1 ula
P(C'avity|Toothache) = 2-element vector of 2-element vectors

taaold o g Ol o cadl sadi sals aa cavity Yia ‘ﬁsl.:.),l‘it‘ﬁ\
P(cawvity|toothache, cavity) = 1
ilo oo U yrins i 3ali Guee 5 pus el pali 1S €€ g5k 1 S
s aa8s ddian () Lol

Z

o ¢S 55 Lamsalon 3l g5 o0 s s ol o fals b g yals el (Sas (i aals
P(cavity|toothache, 49ersWin) = P(cavity|toothache) = 0.8
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CONDITIONAL PROBABILITY

P(CL A\ b) . 3:\.) ‘sag.c@

P(@‘b) - P(b) it P(b) # 0 Bayes' Rule
el gl Sl sl G s gousls

P(a A b) = P(a|b)P(b) = P(bla)P(a) Product Rule

rol ) oot (088 IS Gl e s

P(Weather, Cavity) = P(Weather|Cavity)P(Cavity)
(View as a 4 x 2 set of equations, not matrix mult.)

toe L;ad.c.lﬁ RIS GJgJSMbC|JQM‘ 6‘0:3.?33 ‘504-9@
P(Xl_, Cee Xn) = P(X]_, C. 7Xn—1) P(X«,-l‘X]_, . 7Xn.—1) Chain Rule
— P(Xh I 7Xn—2> P<X’ri—1‘X13 I 7X‘N,—2) P(XTI,‘Xb I ?X'n.—l)

II'_ P(Xi| X, ..., X;_1)
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INFERENCE BY ENUMERATION
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toothache =1 toothache
catch| —catch| catch| —catch
cavity | .108 | .012 .072 | .008
S cavity | .016 | .064 144 | .576
P pan | el 0 LT o @ € Saail slaslas g, Jlial (D 8,18 58 sl
P(¢) = Ly P(w)
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INFERENCE BY ENUMERATION

(551 Y) Jba

S aosbesrs

toothache

=1 toothache

cavity

catch| T catch

108 | .012

catch

.072

.008

=1 catch

=1 cavity

.016 | .064

144

976

taiS pan |y el o LT 50 @ € Saadl slaslas s, Jladal (P s, K 5o (5

P(¢) = 2

w:wE=eo

P(w)

P(toothache) = 0.108 4+ 0.012 4+ 0.016 + 0.064 = 0.2

P
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INFERENCE BY ENUMERATION

S aosbesrs

toothache =1 toothache

catch| —catchl catch| —catch

“1cavity | .016

taiS pan |y el o LT 50 @ € Saadl slaslas s, Jladal (P s, K 5o (5

P(¢) = Zw:wl:cop(w)

P(cavityVtoothache) = 0.108+0.012+0.072+0.008+0.016+0.064 = 0.28
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INFERENCE BY ENUMERATION

(651Y)JBe

S aosbesrs

toothache =1 toothache

catch | T catch) catch| —catch
cavity .072| .008
—1cavity | .016 144 | .576

i€ dlae 300 15 oy sladlaial sl 55 o

P(—cavity|toothache) =

P(—cavity A toothache)

P(toothache)

0.016 + 0.064

=04
0.108 + 0.012 + 0.016 + 0.064
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INFERENCE BY ENUMERATION

S aosbesrs

toothache =1 toothache

catch| T catchl catch| — catch

cavity |1.108/|1.012 .072| .008
—1 cavity |1.016/| |.064 144 | .576

0 e O 3l le s 2l S ol gheds w355 ge S £ A
P (Cavity|toothache) = a P(Cavity, toothache)
= « |P(Cawvity, toothache, catch) + P(Cawvity, toothache, —catch)]
— «[(0.108,0.016) + (0.012, 0.064)]
= «(0.12,0.08) = (0.6,0.4)

S dalae Gl 5u88e 550 2 1) 085 (g0 9 o
Olgts slaudlie (555 f oae (swlas g aali sla juate (o S el L
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INFERENCE BY ENUMERATION

290y gdde
Query Variable

aalds jaiis 23
Evidence Variable
Ol e
Hidden Variable
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H=X-Y-E s be ol sle e
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P(Y|E=e)=aP(Y,E=¢) = aX,P(Y,E=e,H=h)
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P(A|B)=P(4) or P(B|A)=P(B) or P(A,B)=P(A)P(B)

Cavity
Toothache Catch
Weather

P(Toothache, Catch, Cavity, Weather)
= P(Toothache, Catch, Cavity)P(W eather)

32 entries reduced to 12; for n independent biased coins, 2" — n

A o0 (i & i Lol el sl jud Gllas Yl

el Huate Lanwe L& 0 so)sa S (Sdinglasy
‘;bﬂdmw|ejeioj|odmu| CayS Wb da
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CONDITIONAL INDEPENDENCE

P (T oothache, Cavity, Catch) has 2° — 1 = 7 independent entries

sl aals (cavity) (Sassna S olas S
Lol (S 6 L aal aals (Toothace) s uslas slas ol 4 uS (cateh) 58 o 5o ds <l Jlial

(1) P(catch|toothache, cavity) = P(catch|cavity)
raal dals (cavity) (SossaasS slan Slieml 1550 INEW (e 4
(2) P(catchl|toothache, —cavity) = P(catch|—cavity)

C'atch is conditionally independent of T'oothache given C'avity:
P(Catch|Toothache, Cavity) = P(Catch|Cavity)

tdolbae o Mea

| P(Toothache|Catch, Cavity) = P(Toothache|Cavity)
P(Toothache, Catch|Cavity) = P(Toothache|Cavity)P(Catch|Cavity)
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CONDITIONAL INDEPENDENCE

(sle mady goueld 5l suliiwl b JolS a1 55 aus 53 i 55
P(Toothache, Catch, Cavity)
= P(Toothache|Catch, Cavity)P(Catch, Cavity)
= P(Toothache|Catch,Cavity)P(Catch|Cavity)P(Cavity)
= P(Toothache|Cavity)P(Catch|Cavity)P(Cavity)

l.e., 2+ 2 + 1 = 5 independent numbers (equations 1 and 2 remove 2)

Iy eiis n‘JJ:{;\\}JSLR‘LQS:)L}Lsé‘}‘d.}“u_‘a‘)_&dm_mh}‘édmﬂ“d‘)‘y‘)}%)d

ol (ralaall sLataina 558 5 Lo (il ) &5 900 (1 i e 9 (s isTaly o obo i Il FST]
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BAYES’ RULE
Product rule P(a A b) = P(a|b)P(b) = P(bla)P(a)
P(bla)P . .
= Bayes' rule P(alb) = (bla) Pla) e soueld
P (b) Bayes' Rule
RS p oS Y
P(X|Y)P(Y)
PY|X) = = aP(X|Y)P(Y
(Y]X) PX) aP(X]Y)P(Y)

w

e Jlaial (g9, O (enads Jlaial Ghadw gl wde

P(Ef fect|Cause)P(Cause)

P(Cause|Ef fect) = P(Ef fect)

adl as0098 5 5 cuiie olan M LI :Jlis )y

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

Plmls) = P(s) 0.1

= 0.0008
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2

b i JIEL! § jus gousld

P (Cavity|toothache N\ catch)

= a P(toothache A catch|Cavity)P(Cavity)
= a P(toothache|Cavity)P(catch|Cavity)P(Cavity)

sulas Jus Juo 5 el S 40

P(Cause, Ef fecty,...,Effect,) = P(Cause)ll,P(E f fect;|Cause)

oales ya Jao
Naive Bayes Model

u..w“.s.b.} Lﬁ‘).\,..\.cd‘d’—\u_u.l&)_‘ ‘sJYGLAJ.Lc‘JLsJSJ‘AM







YA

Laa 1 slasa
WUMPUS WORLD
1,4 2.4 3,4 4,4
1,3 2,3 3,3 4,3
1,2 2,2 3,2 4.2
B
OK
1,1 2.1 3,1 4,1
B
OK OK
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P;; =true iff [z, j| contains a pit
B;; =true iff [i, j] is breezy
Include only B 1, B9, B4 in the probability model

* 0

7Y
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Laa 3 (slada
Jlaial Jao 5l padde

WumMPUS WORLD N P S VR L

1,3 2,3 3,3 4,3
P;; =true iff [i, j| contains a pit

1,2B 2,2 3,2 4,2
B;; =true iff [i, j] is breezy ox
Include only 5 1, B9, By in the probability model R

OK OK

The full joint distribution is P(P 1,..., Pyy, B11, B12, Bo)
Apply product rule: P(By 1, Bi1o, Bo1 | Pia, ..., Pra)P(Pia, ..., Pi4)
(Do it this way to get P(F f fect|Cause).)
=3~ First term: 1 if pits are adjacent to breezes, 0 otherwise
[lgD Second term: pits are placed randomly, probability 0.2 per square:
i

P(P1y,...,Pia) = Hj.:;le,lP(P' ) =0.2" x 0.810°"

for n pits.

S
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a3l sl

WUMPUS WORLD

We know the following facts:
b= _'bl,l A\ bLQ A\ bgjl
known = —p; 1 A —p1a A —pa

[=537] Query is P (P 3|known, b)

1,4

2.4

3,4

44

1,3

2,3

3,3

4,3

1,2

OK

2,2

3,2

42

11

OK

2,1

OK

3,1

41

Define Unknown = P;;s other than I 3 and Known

For inference by enumeration, we have

P (P 3lknown,b) = a2iuminown P (P13, unknown, known, b)

=3~ Grows exponentially with number of squares!

o
&
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a3l sl

o a5 sulinl
WUMPUS WORLD

aied i 8 Gl glacla ol o) elaalie Ll wa

&hﬁecsﬁﬂauahuﬂAiﬂ$.Ql&LsQ
1)____|£.4____|9.A.___J.4_4___\
\
\\ |
N\ |
A |
\
R ]
' i OTHER
| QUERY | [N {
\ ,I \\ I
N N 1
1,2 22— — N I
RN | \Q\ |
| \ | W\ I
| \\ \ \\\ |
I <\ AN L
B SN FRINGE N0
| KNOWN NN AN |
I ANEAN | \ |
| \ \ | \\ l
\____'l___"/ N \__/

Define Unknown = Fringe U Other
P(b| P, 3, Known, Unknown) = P(b| P, 3, Known, Fringe)

LS sl J e 58 ol 51 o) 55 4 a5 wn (10 S | Glow s il
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a3l sl
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WUMPUS WORLD

Define Unknown = Fringe U Other
P(b| P, 3, Known, Unknown) = P(b| P, 3, Known, Fringe)

P(P s|known,b) =a ¥ P(P 3, unknown, known,b)

unknown

7

e e e

=a Y P(b|P3, known,unknown)P (P, 3, known, unknown)

unknown

=a ¥ X P(blknown, P, 3, fringe, other)P (P 3, known, fringe, other)

fringe other
fringe other

fringe other

fringe
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&
&

=a ¥ X P(blknown, P, 3, fringe)P (P, 3, known, fringe, other)
= a ¥ P(blknown, P, 3, fringe) > P(P 3, known, fringe, other)
= «a ¥ P(blknown, P, 3, fringe) Z P (P, 3) P(known)P( fringe)P(other)

other

fringe other
= &P(known)P(PLg)fZ P(blknown, P, 3, fringe) P(fringe) > P(other)
ringe
= o'P(P13) > P(blknown, P, 3, fringe) P(fringe)
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g0 siigD
Laa 5 slada
b JMEL ) salitul

WUMPUS WORLD

CEN I C IR s I

B B B B B

OK OK OK OK OK
1,1 2,1 3,1 1,1 2,1 3,1 1,1 21 3,1 1,1 21 3,1 1,1 2,1 3,1
B

O “ . | @ . | @ “
OK OK OK OK OK OK OK OK OK OK

0.2x0.2=0.04 0.2x0.8=0.16 0.8x0.2=0.16 0.2x0.2=0.04 0.2x0.8=0.16

P( P 3|known,b)

o’ (0.2(0.04 + 0.16 + 0.16), 0.8(0.04 + 0.16))
(0.31, 0.69)

Q

P (P s|known,b) ~ (0.86,0.14)
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Stuart

Russell EArficial Intelligence

Peter

Norvig A Modern Approeach

P Fourth Edition

Stuart Russell and Peter Norvig,
Artificial Intelligence: A Modern Approach,
4th Edition, Prentice Hall, 2020.

Chapter 12
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