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function KB-AGENT( percept) returns an action
static: KB, a knowledge base
t, a counter, initially 0, indicating time

TELL(KB, MAKE-PERCEPT-SENTENCE( percept, t))
action < ASK(KB, MAKE- ACTION-QUERY (%))
TELL(KB, MAKE-ACTION-SENTENCE( action, t))
t—1t+1

return action
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PROPOSITIONAL LOGIC: SYNTAX
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sleoyl S slase sl
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Syntax
The proposition symbols P, I, etc are sentences oyl S slaskas
If S is a sentence, =5 is a sentence (negation) o2l
If S and S, are sentences, S; A S5 is a sentence (conjunction) e
If S1 and S, are sentences, S; V9, is a sentence (disjunction) s
If S; and S, are sentences, 51 = S5 is a sentence (implication) el

If S| and S, are sentences, S| <> 95 is a sentence (biconditional) s - 9
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Syntax

Sentence —  AtomicSentence | ComplexSentence

AtomicSentence — True| False | Symbol
Symbol — P| Q| R| ...

ComplexSentence — — Sentence

| ( Sentence N Sentence)

| ( Sentence V Sentence )
| ( Sentence = Sentence)
|

( Sentence << Sentence)
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Semantics

=S is true iff

S1 A Sy is true iff
Sl vV SQ iIs true iff
S1 = 55 is true iff
l.e., is false iff
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S1 < Sy istrueiff S| = S istrueand S; = 5] is true
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Semantics

S e ad e glayl xS alad o sl 1, false L true Juo o

Eg Po Py PFPsy

. a3l glaay S
true true false
(With these symbols, 8 possible models, can be enumerated automatically.)

Simple recursive process evaluates an arbitrary sentence, e.g.,
—Pio A (PyoV P31) = true A (false V true) =true A true =true
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TRUTH TABLES FOR CONNECTIVES
P Q P | PANQ|PVQ|P = QP & (@
false| false|| true | false | false | true true
false| true || true | false | true true false
true | false| false| false | true | false false
true | true || false| true | true true true
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Let 7, ; be true if there is a pit in [, j].
Let B, ; be true if there is a breeze in [i, j].

—‘Pl.l
B,
By

“Pits cause breezes in adjacent squares”

~
<~

Bl.l
Bs

(Pi2V Pay)
(Pi1V PyaV P3y)

“A square is breezy if and only if there is an adjacent pit”

55 SSSS o= =
Stench S ~~ Breeze —
Sl PIT
/\ P
~ Breeze —
éStench > PIT
N,
~/Gold\ \~
S SSSS o~
 Stench > ;5’992\5
— e
- PIT Jkd
START
1 2 3 4




Prepared by Kazim Fouladi | Spring 2021 | 4% Edition

g

o
&

(g s J gu Lz Lk

TRUTH TABLES FOR INFERENCE

Big | Bog | Pin | Pig | Bop | Pop | P51 | KB Qg
false | false | false | false | false | false | false | false | true
false | false | false | false | false | false | true | false | true
false | true | false | false | false | false | false | false | true
false | true | false | false | false | false | true | true | true
false | true | false | false | false | true | false | true | true
false | true | false | false | false | true | true | true | true
false | true | false | false | true | false | false | false | true
true | true | true | true | true | true | true | false| false
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INFERENCE BY ENUMERATION

(complete) Jols 5 (sound) pasio 3wl (g, ladas san Jsl—Gee (i led

function TT-ENTAILS?(KB, o) returns true or false

symbols < a list of the proposition symbols in KB and «
return TT-CHECK-ALL(KB, «, symbols, [])

function TT-CHECK-ALL(KB, o, symbols, model) returns true or false
if EMPTY?(symbols) then
if PL-TRUE? (KB, model) then return PL-TRUE?(«, model)
else return true
else do
P «— FIRST(symbols); rest«— REST(symbols)
return TT-CHECK-ALL(KB, «, rest, EXTEND(P, true, model) and
TT-CHECK-ALL(KB, a, rest, EXTEND(P, false, model)

O(2") for n symbols; problem is co-NP-complete
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LOGICAL EQUIVALENCE

A ud 5olaa Alhie i 5 dlas o
S dd ¢ S
b e o ogolde gladae Hu g0 e

o= [ ifand only if & = (3 and (3
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LOGICAL EQUIVALENCE
(aApB) = (BA«) commutativity of A sxil=l
(aVpB) = (6Va) commutativity of V sxilsl
(aANB)AY) = (N (BA7)) associativity of A sxrieS s
(aVB)Vy) = (aV(BV7y)) associativity of V sxieS
—(—a) = a double-negation elimination ielias a8y dia
(Oé = 5) = (—Iﬁ = —|oz) contraposition a8 «Se
(a = ) = (—~a VvV 3) implication elimination olel s
(@ & ) = (e = B)AN(B = «)) biconditional elimination (& s 33
—(aAf) = (maV -F) de Morgan o500
—(aV f3) = (—a A=) de Morgan oS ses
(AN (BVY) = (aANP)V(aAy)) distributivity of A over V snlgmds
(aV(BAY) = (aVB)A(aVy)) distributivity of V over A suimis
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PROPOSITIONAL LOGIC: PROOF THEORY

Bhie O ySeul 1sle ) S skaie

sleoyl S slase sl

Proof Theory

* 0
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Sent

e il o as b o 6 gllen < Pl

AV B Satisfiable
C
ey (4etinan) Lo Jis (5408 5o S (slalan ine ible)
S fails Valid Unsatisfiable
AV -A L
A= A EIH e
=

Tautology

(AN(A= B))= B

A/\_lA J:A‘MQJQMJJL;‘JAEAJJ‘KSG‘QA%
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DEDUCTION THEOREM

KB = «aif and only if (KB = «) is valid
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REDUCTIO AD ABSURDUM

KB = «if and only if (KB A —«) is unsatisfiable

J.L&gb).g

reductio ad absurdum
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INFERENCE RULES (REASONING PATTERNS)

{> Modus Ponens

a = 0, Q

5,
> And-Elimination

S AN W ANV AN s

Q;
&> And-Introduction
Qp, g, ..., 0y

AN S WA AN e

{> Or-Introduction
o7

a1 VayV...V o,

> Double Negation-Elimination

S
o
> Unit Resolution
aV g, -3
Q
{> Resolution
aV 3, 3V 7y
oV
or equivalently
o = 3, B =y
Q= Y
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NORMAL FORMS

{ Conjunctive Normal Form (CNF-universal)
conjunction of disjunctions of literals

clauses

E.g., (AV=B) A (BV—=CV -D)

¢ Disjunctive Normal Form (DNF-universal)
disjunction of conjunctions of literals

terms

Eg, (ANB)V(AAN=C)V(ANBA-C)

{ Horn Form (restricted)
conjunction of Horn clauses
Horn clause: a clause with < 1 positive literal.

Eg. (AVA-B)A(BV~CV D)

sShs Jlo 3 858
Conjunctive Normal Form (CNF)
La) IS Cilae

shead Yo i 2.3
Disjunctive Normal Form (DNF)
LA‘»; 5 Jad

OISR p S
Horn Form

oot sla) IS Calae

Often written as set of implications: B = A and (C A D) = B

o
&
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Model Checking Application of inference rules
(s J 9 Ol yladd Lalid ) paase wisa cdlaa wal 53

M 53 oled s @ gkl el g8 g 5884 5 glllss = olsl ©
3l el o 5o o Lo 1S = il el 53)
raiile (B8l sags 0 Sle (ST ala S
DPLL atu S0l i /
Joe sbidd 50 Siin a8 soatun * 0 Jlosiayd S o Mea basd wie3li Y gans ®
(oSG Lol )
(Laalss Jilan) 50,5345 lie: 1o ®

* 0
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MONOTONICITY

faals | gasy 3 Slaie X
aols s O salan 58 (5l
S
KB FE «
olSQT

KB AN F «a

(sl sl
IS ol AT |y S e Al liul ( 2Bl oLl 4o was Sea Gud LI 0
i saliial cad any KB o ol slaga 5t S ol8 5 il 95 oo Bl uel o8 @
a8 1,8 KB 5o 4aiT JBale 4 da 55 G s « S (5 55 AB 5l b saels bl soldiul mlis

* 0

7Y



£4

sl

‘\ Prepared by Kazim Fouladi | Spring 2021 | 4% Edition

o
&

La s,
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bl slagig,

gLl ael 98 (5 S ylsau

Application of inference rules

Model Checking

(9 J9a gl ylad
DPLL ) S
DPLL Algorithm

WalkSAT ada gl
WalkSAT Algorithm

Lo oLl 3 oo waa Sdlaa wal g

T aouiy s )lwe
Forward Chaining
+ < .
Modus oo ‘S:JL““’J* . ‘}
Ponens g Backward Chaining
CNF oo
Resolution
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L) sla g

Model Checking Application of inference rules

Lo oLl 3 oo waa Sdlaa wal g3

T uuiy s Hlwe paan
Forward Chaining
+ < .
Modus o ‘SJL‘“"J* . ‘}
Ponens g Backward Chaining
CNF o
Resolution

* 0
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“Modus Ponens” «Abdiwl by zlisiul Jig, sl

CA:\.OLQS (8 99 e

Completeness Soundness
W33 gl (§idie Caw yo (sladdan (sdan Al Cag o ouds (9idie (sdlan 3
(Horn) 558 a8 45 @ (515 ks Linad

S oo paady g gyt (5 Hlewo yaany Ho suldial LS

b sl ol
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HORN FORM

o
&

082 p S

Horn Form

oot sla) IS Calae

Horn Form (restricted)
KB = conjunction of Horn clauses
Horn clause =
{> proposition symbol; or
¢ (conjunction of symbols) = symbol
Eg,CAN(B = AANCAD = B)
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FORWARD CHAINING

ol
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Forward Chaining
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FORWARD CHAINING

function PL-FC-ENTAILS? (KB, q) returns true or false
local variables: count, a table, indexed by clause, initially the number of premises
inferred, a table, indexed by symbol, each entry initially false
agenda, a list of symbols, initially the symbols known to be true

while agenda is not empty do
p <« Popr(agenda)
unless inferred[p] do
inferred|p| < true
for each Horn clause ¢ in whose premise p appears do
decrement count|c]
if count[c] = 0 then do
if HEAD[¢] = ¢ then return true
PusH(HEAD[¢|, agenda)
return false

o
&
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FORWARD CHAINING
col . s .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

.d\gﬁhﬁﬁjwﬁdé&ﬁlﬁ‘ﬁ%ﬁﬁ%lKB@bOTsi*ﬁlj

P =
LANM = P
BANL = M
ANP = L
ANB = L
A

B

KB (Knowledge Base)

S
&

0

A
AND-OR Graph

Forward Chaining

B
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FORWARD CHAINING
sausl . 5 .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

S
&

.dﬂ|%§ﬁ3wﬁdmﬁgiﬁgﬁulKB&L:alJOTL;st*llj

P = Q
LANM = P
BANL = M
ANP = L
ANB = L
A

B

Forward Chaining
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FORWARD CHAINING
sausl . 5 .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

S
&

.dﬂ|%§ﬁ3wﬁdmﬁgiﬁgﬁulKB&L:alJOTL;st*llj

P = Q
LANM = P
BANL = M
ANP = L
ANB = L
A

B

Forward Chaining
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FORWARD CHAINING
sausl . 5 .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

S
&

.dﬂ|%§ﬁ3wﬁdmﬁgiﬁgﬁulKB&L:alJOTL;st*llj

P = Q
LANM = P
BANL = M
ANP = L
ANB = L
A

B

Forward Chaining
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FORWARD CHAINING
col . s .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

S
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P = Q
LANM = P
BANL = M
ANP = L
ANB = L
A

B

Forward Chaining
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FORWARD CHAINING
col . s .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

S
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P = Q
LANM = P
BANL = M
ANP = L
ANB = L
A

B

Forward Chaining
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FORWARD CHAINING
col . s .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

S
&

.d\gﬁhﬁﬁjwﬁdmﬁgiﬁgﬁulKB@bOTsi*ﬁlj

P = Q
LANM = P
BANL = M
ANP = L
ANB = L
A

B

Forward Chaining
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FORWARD CHAINING
col . s .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

S
&
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P = Q
LANM = P
BANL = M
ANP = L
ANB = L
A

B

Forward Chaining
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FORWARD CHAINING
col . s .
S 8 |y Caual oud Ls ol Gislaauie a5 KB ya ousls ja Soui obus p2s)

S
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P = Q
LANM = P
BANL = M
ANP = L
ANB = L
A

B

Forward Chaining




Prepared by Kazim Fouladi | Spring 2021 | 4% Edition

AY

9ol S jlume yaam 3y 1 Siladl s oS

o
&

FC derives every atomic sentence that is entailed by /A B
1. FC reaches a fixed point where no new atomic sentences are derived
2. Consider the final state as a model m, assigning true/false to symbols

3. Every clause in the original /' 5 is true in m
Proof: Suppose a clause a; A ... Aa, = bis false in m
Then a; A ... A ay is true in m and b is false in m
Therefore the algorithm has not reached a fixed point!

4. Hence m is a model of KB
5. If KB |= q, qis true in every model of K3, including m

General idea: construct any model of /'3 by sound inference, check o
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BACKWARD CHAINING
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Sou Gobws masy iy, aleyile

SIS S ) ailaial Lddla 5 Gliial
Avoid repeated work Avoid loops
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P = Q
LANM = P
BANL = M
AANP = L
AANB = L
A

B
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P = Q
LANM = P
BANL = M
AANP = L
AANB = L
A

B

oo S 5kwe yaaa
Backward Chaining
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where /; and 1, are complementary literals.

“Resolution” «piiglg)y» gliviwl Jlgy )y

Casolad (8 99 e
Completeness Soundness
W33 gl (§idie Caw yo (sladdan (sdan Al Cag o ouds (9idie (sdlan 3
(CNF) atiran : sla 138 3haie 5l (CNF) s : slo 135 Glaie 51
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CONJUNCTIVE NORMAL FORM (CNF)

s st s
Conjunctive Normal Form (CNF)

Conjunctive Normal Form (CNF—universal)
conjunction of disjunctions of literals

clauses
Eg., (AV-B)A(BV-CV-D)
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CNF @ 6,138 S Joas
CONJUNCTIVE NORMAL FORM (CNF)
Bi1 & (PoV Pyy)
1. Eliminate <, replacing a < (3 with (o« = G) A (B = «). b gs S ()
(Big = (Pi2V P1)) AN(PipV Py) = Biy)
2. Eliminate =, replacing o = 3 with =« VV (3. s B (Y
(mB11V PiaV Poy)A(—(Pi2V Ps1)V By )
3. Move — inwards using de Morgan's rules and double-negation: L e oS oa (V
O 900 ael 93 L: JA NS
(mB11V PiaV P A((mPig A—Pe) V Br)
4. Apply distributivity law (V over A) and flatten: (L oo 9) srigds ol Jlel (¥

o
&

(mBiaVPiaV Poi)A(=PiaV Bii) A (=P V By )
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RESOLUTION

function PL-RESOLUTION(KB, o) returns true or false

clauses < the set of clauses in the CNF representation of KB A -«
new<«— { }
loop do
for each C};, C; in clauses do
resolvents «— PL-RESOLVE(C}, C;)
if resolvents contains the empty clause then return true
new <« new U resolvents
if new C clauses then return false
clauses <« clauses U new
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DPLL: BACKTRACKING++

function DPLL(clauses, symbols, model) returns true or false

if every clause in clauses is true in model then return true
if some clause in clauses is false in model then return true
P, value «— FIND-PURE-SYMBOL( symbols, clauses, model)
if P is non-null then return DPLL(clauses, symbols—P, [P = value|model))
P, value < FIND-UNIT-CLAUSE( clauses, model)
if P is non-null then return DPLL(clauses, symbols—P, [P = value|model])
P« FIRST(symbols); rest«— REST(symbols)
return DPLL(clauses, rest,|P = true|model]) or
DPLL(clauses, rest, [P = false|model))

o
&
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WAILKSAT ALGORITHM

function WALKS AT (clauses, p, max_flips) returns a satisfying model or failure
inputs: clauses, a set of clauses in propositional logic
p, the probability of choosing to do a “random walk™ move, typically around 0.5
max _flips, number of flips allowed before giving up

model <+ a random assignment of ¢true/false to the symbols in clauses
for : = 1 to max _flips do
if model satisfies clauses then return model
clause «— a randomly selected clause from clauses that is false in model
with probability p flip the value in model of a randomly selected symbol from clause
else flip whichever symbol in clause maximizes the number of satisfied clauses
return failure

S
&
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WALKSAT ALGORITHM: HARD SATISFIABILITY PROBLEM

1 { +——————— 2000 -
1800 - DPLL —+—
038 1600 | WalkSAT ——--
- 1400 -
% 0.6 g 1200
_‘5 2 1000
3 04 % 800 -
=~ 600 -
0.2 400 -
200 -
0 p---- B B 0 ‘e T
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Clause/symbol ratio m/n Clause/symbol ratio m/n
(a) (b)
Figure 7.19  (a) Graph showing the probability that a random 3-CNF sentence with n =50
symbols is satisfiable, as a function of the clause/symbol ratio m /n. (b) Graph of the median
run time (measured in number of recursive calls to DPLL, a good proxy) on random 3-CNF
sentences. The most difficult problems have a clause/symbol ratio of about 4.3.
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Suppose the wumpus-world agent wants to keep track of its location

A sentence such as L1 A FacingRight \ Forward = Lo
doesn’t work: after one inference step, L;; and Lo are in KB!!

Changeable aspects of world need separate symbols for each time step
e.g., L}, means “Agent is at [1, 1] at time step 1", and

Lil A FacingRight' A Forward' = L%Jl

Reflex rules: for every ¢, we have, e.g., Glitter' = Grab'
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TRACKING CHANGES IN THE WORLD
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Successor-State Axioms
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State Estimation
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TRACKING CHANGES IN THE WORLD

saba—alla £ g 90 J go!

Successor-State Axioms

tobey slas iR oo S 4 1 glel sa el Sy By s

E.g., Alive! & —Scream! A Alive'™

L& (L)' A (=Forward "V Bump'))
V(LS A (FacingDown'™' A Forward™"))
V(L5 A (FacingLeft'™' A Forward' ™))
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BOOLEAN CIRCUIT AGENTS
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Breeze

Stench

Glitter

Bump

Scream

(YY) JBe

Forward

TurnLeft

TurnRight

Grab

Alive

Shoot
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BOOLEAN CIRCUIT AGENTS
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