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function TABLE-DRIVEN-AGENT( percepi) returns an action
static: percepts a sequence, initially empty
table, a table of actions, indexed by percept sequence,
initialy fully specified

append perceprto the end of percepts

action € LOOKUP( percepts, table)
return action

N. Razavi- Al course- 2005 24




0ol Joss e Jalc

g..ibu d
(law VO @Jla.i).a)&ia) mﬁ.c)l-:«qdj-\e-—
Lo (oYL Jlazt 5 J oo sl | (gl 5L 5 s Oy —
6)\25;»3}5-6.19—

g R B o R N L e e N
B)ls Jgde I

N. Razavi- Al course- 2005 25

> Jalc glgs)

(Generality) cossoe 2151 s @ Jol g5 5l @

(Simple reflex) ot 2575 cla Jole —
(Model-based reflex) Ju. ,; soe 28Ts gla Jole —
(Goal-based) Csus ;e sls Jole —
(Utility-based) G s p o Sla fule —

N. Razavi- Al course- 2005 26

o3lw ¢, MiSlg (sla Jale

Jabﬁyajobb.
Jﬁ@u‘aﬁb‘swés):wb‘jwwaﬁja.
Jie @

function REFLEX-V ACCUM-AGENT( [/ocation, statud) returns an action

if status= Dirtythen return Suck
else if /ocation= A then return Right
else if /ocatiori = Bthen return Left

le Joo—b 4 il el @
TS F KTl hy sl Juse sl el ST

N. Razavi- Al course- 2005 27

o3lw (,10i51g slo Jole yBaLw

Condition-action rules What action |
should do now

What the world
is like now

N. Razavi- Al course- 2005 28




osbw ¢, WiSlg Jale aslip

function SIMPLE-REFLEX-AGENT( percepi) returns an action
static: rules, aset of condition-action rules

state < INTERPRET-INPUT( percep)
rule € RULE-MATCH( state, rules)

action € RULE-ACTION] ru/d
return action
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function REFLEX-AGENT-WITH-STATE( percepl) returns an action
static: stare adescription of the current world state
rules, aset of condition-action rules
action, the most recent action, initially none

state < UPDATE-STATE( state action, percepl)
rule € RULE-MATCH( stare, rules)

action ¢ RULE-ACTION[ ru/d
return actior
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function SIMPLE-PROBLEM-SOLVING-AGENT( percept) returns an action
static: seg, an action sequence, initially empty
state, some description of the current world state
goal, a goal, initially null
problem, a problem formulation

state +— UPDATE-STATE( state, percept)

if seqis empty then do
goal +— FORMULATE-GOAL(state)
problem + FORMULATE-PROBLEM(state, goal)
seq < SEARCH( problem)

action < FIRST(seq)

seq— REST(seq)

return action
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function TREE-SEARCH( problem, strategy) returns a solution, or failure
initialize the search tree using the initial state of problem
loop do
if there are no candidates for expansion then return failure
choose a leaf node for expansion according to strategy
if the node contains a goal state then return the corresponding solution
else expand the node and add the resulting nodes to the search tree
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function TREE-SEARCH( problem, fringe) returns a solution, or failure
fringe < INSERT(MAKE-NODE(INITIAL-STATE[problem]), fringe)
loop do
if fringe is empty then return failure
node +— REMOVE-FRONT( fringe)
if GoaL-TEsT[problem](STATE[node]) then return SOLUTION(node)
fringe « INSERT ALL(EXPAND(node, problem), fringe)

function EXPAND( node, problem) returns a set of nodes

successors < the empty set

for each action, result in SUCCESSOR-FN|[problem|(STATE[node]) do
$4—a new NODE
PARENT-NODE[s] < node; ACTION[s] < action; STATE[s] « result
PaTH-CoST[s] +— PATH-COST[n0de] + STEP-COST(no0de, action, s)
DEPTH|[s] + DEPTH[node] + 1
add s to successors

return successors
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function DEPTH- LIMITED-SEARCH( problem, limit) returns soln/fail /cutoff
RECURSIVE-DLS(MAKE-NODE(INITIAL-STATE[problem]), problem, limit)

function RECURSIVE-DLS(node, problem, limit) returns soln/fail /cutoff
cutoff-occurred ? + false
if GOAL-TEST|problem)(STATE[node]) then return SOLUTION(node)
else if DEPTH[node] = limit then return cutoff
else for each suceessor in EXPAND(node, problem) do
result < RECURSIVE- DLS(successor, problem, limét)
if result — cutoff then cutoff-occurred? « true
else if result + faiure then return resuli
if cutoff-occurred? then return cutoff else return failure
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function ITERATIVE-DEEPENING-SEARCH( problem) returns a solution, or fail-
ure
inputs: problem, a problem

for depth+ 0 to oc do
result < DEPTH-LIMITED- SEARCH( problem, depth)
if result # cutoff then return result
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(> @33)03)) wollA

Criterion Breadth-  Uniform-  Depth- Depth- lterative
First Cost First Limited Deepening
Complete? Yes* Yes' No Yes, if { > d Yes
Time b b/ /e b b bt
Space B+l piC /e b bl bd
Optimal? Yes* Yes No No Yes*
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function GRAPH-SEARCH( problem, fringe) returns a solution, or failure

closed+— an empty set
fringe < INSERT( MAKE-NODE(INITIAL- STATE([problem)]), fringe)
loop do
if fringe is empty then return failure
node < REMOVE-FRONT(fringe)
if GoAL-TEST[problem](STATE[node]) then return SOLUTION(node)
if STATE[nodé] is not in closed then
add STATE[node] to closed
fringe « INSERTALL(EXPAND(node, problem), fringe)
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function GENERAL-SEARCH( problem, strategy) returns a solution , or failure
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329

0: [A(366)]
1: [S(253), T(329), Z(374)]
2: [F(176), R(193), T(329), A(366),

7(374), 0(380)]
0

3: [B(0), R(193), S(253), T(329), A(366),
Z(374), 0(380)]

4: [R(193), S(253), T(329), A(366),
Z(374), O(380)]
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function RECURSIVE-BEST-FIRST-SEARCH(problem) return a solution or failure
return RFBS(problem MAKE-NODE(INITIAL-STATE[ problem]),)

function RFBS( problem, node, f limif) return a solution or failure and a new f~cost limit
if GOAL-TEST[problem|(STATE[ node]) then return node
successors < EXPAND(node, problem)
if successorsis empty then return failure, co
for each sin successors do
f1s] « max(g(s)+ h(s), f{nodel)
repeat
best < the lowest £value node in successors
if f1besf] > limit then return failure, /Tbesf|
alternative < the second lowest £value among successors
result, f1besf] < RBFS(problem, best, min(f limit, alternative))
if result+ failure then return result
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(Simplified) Memory Bounded A*
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A*(h) = 539
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A*(h)=39,135
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Poo Clainil je35 § gaTus adje oy anlis

Search Cost Effective Branching Factor

d IDS A*(h)) A*(h,) IDS A*(h) A*(h,)
2 10 6 6 2.45 1.79 1.79
4 112 13 12 2.87 1.48 1.45
6 680 20 18 2.73 1.34 1.30
8 6,384 39 25 2.80 1.33 1.24
10 47,127 93 39 2.79 1.38 1.22
12 364,404 227 73 2.78 1.42 1.24
14 3,473,941 539 113 2.83 1.44 1.23
16 - 1,301 211 - 1.45 1.25
18 - 3,056 363 - 1.46 1.26
20 - 7,276 679 - 1.47 1.27
22 - 18,094 1,219 - 1.48 1.28
24 - 39,135 1,641 - 1.48 1.26
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function HILL-CLIMBING( problem) returns a state that is a local maximum
inputs: problem, a problem
loecal variabhles: current, a node
neighbor, a node

current < MAKE- NODE(INITIAL-STATE[ problem])

loop do
neighbor < a highest-valued successor of current
if VALUE[neighbor] < VALUE[current] then return STATE[curreni]
current < neighbor
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Simulated Annealing
S o3 sle IS o plowil b e (sla e ST Sl o] 0
;;‘J(mhwk)&Q\ffé‘wjo)‘ub‘cﬁ)x‘ULA\

function SIMULATED-ANNEALING( problem, schedule) returns a solution state
inputs: problem, a problem
schedule, a mapping from time to “temperature”
local variables: current, a node
nezt, a node
T, a “temperature” controlling prob. of downward steps

current+— MAKE-NODE(INITIAL-STATE[ problem])
for {+ 1to oo do
T+ schedule[f]
if 7= 0 then return current
next+— a randomly selected successor of current
AE+ VALUE[nezt] - VALUE[current]
if AE > 0 then current + next

else current + neat only with probability e® £/T
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G sl @3y)3))

Crossover Jos sl Jbe &S @
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| | |
(3,2,7,5,2,4,1,1) + (2,4,7,4,8,5,5,2) = (3,2,7,4,8,5,5,2)
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Gy @32)e)!

function GENETIC-ALGORITHM( population, FITNESS-FN) returns an individual
input: population, a set of individuals

FITNESS-FN, a function that measures the fitness of an individual

repeat
new_population < empty set
loop for /from 1 to SIZE(population) do

x «~ RANDOM_SELECTION(population, FITNESS FN)
y « RANDOM_SELECTION(population, FITNESS FN)

child < REPRODUCE(x,y)
if (small random probability) then child « MUTATE(child)
add childto new_population
population <« new_population
until some individual is fit enough or enough time has elapsed
return the best individual in population, according to FITNESS-FN
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Online DFS-Agent

function ONLINE-DFS-AGENT(s") returns an action
input: s’, a percept identifying current state
static: result, a table indexed by action and state, initially empty
unexplored, a table that lists for each visited state, the action not yet tried
unbacktracked, a table that lists for each visited state, the backtrack not yet tried
s,a, the previous state and action, initially null

if GOAL-TEST(s") then return stop
if s’is a new state then unexplored(s’] < ACTIONS(s)
if sis not null then do
resulfa,s] < s’
add s to the front of unbackedtracked(s’]
if unexplored(s’] is empty then
if unbacktrackeds’] is empty then return stop
else a <— an action b such that resu/f b, s’ |=POP(unbacktracked|s’])
else a <~ POP(unexplored|s’)
s« 8
return a

N. Razavi - Al course - 2007 66

JB.s . online (iac (soaiwa

S 50 2 ¢ 9 g A e s @
YV ao
. ‘ - S=(1, 1) :adsl I @

Unexplored(UX) ;Result
I ..o Unbacktracked(UB)

1.2.3 M&'EﬁjS’

N. Razavi - Al course - 2007 67

J0.s online (iac (soaima

GOAL-TEST((1, 1))?
— Snot = Gthus false
* (1,1) anew state?

— True
— ACTION((1,1)) -> UX[(1,1)]
b ‘ G « {RIGHT,UP}
j e sisnull?
2 — True (initially)
« UXJ(1,1)] empty?
1 S ‘ ‘ — False
1 - - . -  POP(UX][(1,1)]) > a
— a=UP
« s=(11)
* Return a
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JB.s online (iac (soaiwa

, * GOAL-TEST((1,1))?
S —(1,1) — S not =G thus false
* (1,1) a new state?
‘ G — false

s sisnull?
z I — false (s=(2, 1))
— result [DOWN, (2, 1)] <- (1,1)

- UB[(1,D] = {(2, D)}

J0.s .online (aac (soaima

, * GOAL-TEST((1,2))?
S _(1,2) — S not =G thus false
* (1,2) anew state?
‘ G — True,

5 * sisnull?
— false (s =(1,1))

UX[(1,2)]={RIGHT,UP,LEFT}

— result [RIGHT, (1,1)] <- (1, 2)

5] sl :
| . UX[(1,1)] empty? | ~ UB[(1.2)] = {(L.1)}
1 2 3 — False 1 2 3 « UX](1, 2)] empty?
« a=RIGHT, s=(1,1) — False
. return 2  a=LEFT, s=(1, 2)
e return a
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S :(1,1) — S not = G thus false t.s_g)“ ‘C.M‘ ss_ii.)‘}: ’c.w‘.g. 4) 4; szl}- )J C./M‘ ‘Jg.wﬂ JALG dgi °
(1, 1) a new state? ) .
& ‘ G — false %%) b LSJY}L °‘J
e sisnull? .
—I ~ false (5= (1,2)) ly S opl Ll5 e Online g S oS Gas oy &5 0
2 ~ result [LEFT, (1, 2)] <- (1, 1) )
- UB[(1, DI={(1,2), 2, D} LS J}
o UX[(1, 1)] empty? o . R we . - .
1| s ‘ ‘ e JB sl &8 U8 o )8 55 Lis online ies (g pmiue
I =
] 2 ; - UB[(l,.l)] empty? False Js..&\a - :.sjf
* a=bfor binresult [b, (1,1)] =(1,2)
— b=RIGHT
« a=RIGHT,s=(1,1)...
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Learning real-time A*

function LRTA*-COST (s, a, s’,H) return an cost estimate
if 57is undefined the return A(s)
else return c(s, a, s°)+ H[s'|

function LRTA*-AGENT (s°) return an action
input: s’, a percept identifying current state
static: result, a table indexed by action and state, initially empty
H, a table of cost estimates indexed by state, initially empty
s,a, the previous state and action, initially null

if GOAL-TEST (s) then return stop
if s7is a new state (not in /) then H[s’| « A(s)
unless sis null

resulfa,s) < s’

H[s] < MIN LRTA*-COST (s, b, result[b, s|, H)

b e ACTIONS (s)

a < an action bin ACTIONS (s) that minimizes LRTA*-COST (s’, b, resuit[b, s, H)
s« s

return a
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datatype CSP-STATE
components: UNASSIGNED, a list of variables not yet assigned
ASSIGNED, a list of variable that have value

datatype CSP-VAR
components: NAME, for i/o purpose
DOMAIN, a list of possible values
V ALUE, current value (if any)

hb;;‘i“;;‘))}’“eb‘jdnbl@q;)w
b Glee olie 5l (gl ae gome Olgie 4 igm g0 —
S r e o e Ly g sLS)l ST Al d s L S0 —

N. Razavi - Al course - 2005 13 N. Razavi - Al course - 2005 14
Cdho) ) (I8 Backtracking

(L wize 3l )11 GG = (M) Lds Gas ST © Lol sl [QIELQTE] Sl e e b bt

. [Q,=3,Q,=1]

(261 5lias bs e plas )1 66 = (d) ol S s

Goemdsl e € sz () S1 0 s 5 b=d (utoss 85 5 s ke S Gl lsl L 5 o S 8 s 0

(s YL ) Dy §6b Cleisl j oS0 o dn= s,
backtracking s CSP s 480> e ¢ ls Gl b Gos—J gl (S st

-,\;,L;ﬁfjg)&mv,:u.u\}:@ucf\ . Sl gl

SKUSS Jslae s e 31 (ol g 03,105 et s it 4 slie Sl o 5 (O
(.u,@wts88@8'88,1¢t>6w5,1.u,,,A,;).\ML@
;\W)Jﬂfcauabowﬂwbj.\m&M‘fdud.kmdbuw‘(\'
- 86 &o&éw c.\.:fg.- )\J.e w.s)gg.v 3 Jl 238 9 pigAN
55 Cie G gominr € ()10 55 5 Senl dogls b US™ oo Olouitel 1) 0bilacsl

N. Razavi - Al course - 2005 15

Gubj-bud}.fl; .-\./5 ;ﬂjé\f\.ﬁ ;M)‘JJQ)A)‘&QJ\))‘JB b
jb‘}w‘suoab‘]aﬂu ; JS; QMboMﬂwbjW;‘Ja-boMﬂ
;@)LWMM

AS J=NF25 550Gy 5N Llg o 0

N. Razavi - Al course - 2005 16




13)9-1€ (S1) 3)Tde (seaTms :Jls
(star)

X X X
X X X X X X
X X X X X X
17

N. Razavi - Al course - 2005
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function BACKTRACKING-SEARCH( csp) returns a solution, or failure
return RECURSIVE-BACKTRACKING({}, csp)

function RECURSIVE-BACKTRACKING( assignment,csp) returns a solution, or
failure
if assignment is complete then return assignment
var + SELECT-UNASSIGNED- VARIABLE( Variables/csp/, assignment, csp)
for each value in ORDER-DOMAIN-VALUES(var, assignment, csp) do
if value is consistent with assignment according to Constraints[csp] then
add { var = value } to assignment
resull +— RECURSIVE- BACKTRACKING(assignment, csp)
if result # failue then return result
remove { var = value } from assignment
return failure
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AC-3 plas )5y ey)ed)l

function AC-3( csp) returns the CSP, possibly with reduced domains
inputs: csp, a binary CSP with variables {X1, X», ..., X,}
local variables: queue, a queue of arcs, initially all the arcs in csp

while queue is not empty do
(X;, X;)+ REMOVE-FIRST(queue)
if RM-INCONSISTENT-VALUES(X;, X;) then
for each X, in NErcHBORS[X;| do
add (X, X;) to queue

function RM-INCONSISTENT-VALUES( X;, X;) returns true iff remove a value
removed + false
for each z in DomAIN[X;] do
if no value y in DOMAIN[X;] allows (z,y) to satisfy constraint(X;, X;)
then delete = from DoMAIN[X;]; removed + true
return removed

Om>d3): sl S @
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Min-Conflicts @33)3))

function MIN-CONFLICTS(csp, max _steps) returns a solution or failure

inputs: ¢sp, a constraint satisfaction problem
maz_steps, the number of steps allowed before giving up

current «— an imtial complete assignment for csp
for : =1 to mar_steps do
if current is a solution for csp then return current
var «— a randomly chosen, conflicted variable from VARIABLES[esp]
value «— the value v for var that miminizes CONFLICTS(var, v, current,_ csp)
set var = value i current
return failure

Figure 5.8  The MIN-CONFLICTS algonthm for solving CSPs by local search. The mmitial
state may be chosen randomly or by a greedy assignment process that chooses a nunimal-
conflict value for each variable in tumn. The CONFLICTS function counts the number of
constraints violated by a particular value. given the rest of the current assigmment.
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1)9-A : JU»

Figure 5.9 A two-step solution for an 8-queens problem using min-conflicts. At each
stage. a queen 1s chosen for reassignment 1n 1ts column. The number of conflicts (m this
case, the number of attacking queens) 1s shown in each square. The algorithm moves the
queen to the min-conflict square, breaking ties randomly.
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Figure 512 A tree decomposition of the constramt graph in Figure 5.11(a).
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Jis

Miyg? s lyaw)

Slie (3 8 i 5L olg oo ) ang 31l 53k S crals 0
5 gad i b 6 S Minimax

MINMAX - VALUE(n) =

UTILITY(n) if nis a terminal state
MINIMAX -~ VALUE(s) if nisa MAX node

MINIMAX —~ VALUE(s)  if nisa MIN node

MAX ¢ gccessors(n)

min seSuccessors(n)
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Minimax @i3)e3))

function MINIMAX-DECISION(state) returns an action

v+ Max-VALUE(state)
return the action in SUCCESSORS(state) with value v

function MAX-VALUE(state) returns a utility value

if TERMINAL-TEST(state) then return UTILITY(state)
té— —00
for a,s in SUCCESSORS(state) do
v Max(v, Min-VALUE(s))
return v

function MIN-VALUE(state) returns a utility value

if TERMINAL-TEST(state) then return UTILITY(state)
U400
for a,sin SUCCESSORS(state) do
v MIN(v, MAX-VALUE(s))
return v
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MIN

3 2 2 5 2
MINIMAX-V ALUE (r008) = max (min (3, 12, 8), min (2, x, y), min (14, 5, 2))
=max (3, min (2, x, y), 2)

=max(3, z 2) where z<2

=3
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function ALPHA-BETA-SEARCH(state) returns an action
inputs: state, current state in game

v+ MaX-VALUE(state, —0c, +00)
return the action in SUCCESSORS(state) with value v

function MAX-VALUE(state, o, 3) returns a utility value
inputs: state, current state in game
«, the value of the best alternative for MAX along the path to state
3, the value of the best alternative for MIN along the path to state

if TERMINAL-TEST(state) then return UTILITY(state)
U= —0C
for a,sin SUCCESSORS(state) do
vé— Max(v, MIN-VALUE(s, a, 3))
if v > g then return v
o+ Max(a, v)
return v
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B-1)] el

function MIN-VALUE(state, o, 8) returns a utility value
inputs: stafe, current state in game
«, the value of the best alternative for mMAX along the path to state
3, the value of the best alternative for MIN along the path to state

if TERMINAL-TEST(state) then return UTILITY(state)
U= +00
for a,sin SUCCESSORS(state) do
v+ MIN(v, MAX-VALUE(s, ¢, 3))
if v < o then return v
B« MIN(5, v)
return v
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Eval(s) = w1 £(8) + wy£(s) + ... + w,1(5)

5W1:9 dl.’.'.a i
£,(s) = (# of white queens) — ( # of black queens)
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onily o500 X =
= O3l P A3 aslw Jule K
Inference engine ~——— domain-independent algorithms
function KB-AGENT( percep?) returns an action
Knowledge base -=————— domain-specific content static: KB, a knowledge base
¢, a counter, initially 0, indicating time
=
sy L3 ESG 3 OMa 1 (gl 48 samma= Eils J L 0
Lz o TELL( KB, MAKE-PERCEPT-SENTENCE( percept, §))
103 6ls i L) Jole & sl 6l o 5 SiLa, 0
) CT T e ) action € ASK( KB, MAKE-ACTION-QUERY( 9)
(TELL) & ety 5,05 56 71 aoT Jole o — TELL( KB, MAKE-ACTION-SENTENCE( action, f))
KB i il b el — o5 plonit e a8 (ASK) e 555 51 8157 o Jolo e — 1€t
ST (89w return action
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KB = Wumpus-world rules + observations
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KB = Wumpus-world rules + observations

a, = “[1, 2] is safe”, KB ka,, proved by model checking
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ongaaly slo Jse

KB = Wumpus-world rules + observations
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KB = Wumpus-world rules + observations

a, =“[2, 2] is safe”, KB Ka,
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(Inference) alixw)

il e Blsl LBKB i 4, dbesa - =KB | a
0550 SG A5ka O 5 ety o ol U G WL KB il
ojﬁosétfcmieo\f)g\,;ojy:r\}l;.u\
SVl oo 45, (SOUNdness) C o
KB} o=KBEa
Sl JalS'1 kel 4 5, ((completeness) os JolS
KBFa= KB}«
gl wg, & (First Order Logic) Jsl as 0 gl s 1w
235y o 5 JolS
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d)latd alungy pG%w

@ldﬁ\f}@hﬁé&&—d}luijjyhdhfwg})w.

function TT-ENTAILS?(KB, ) returns true or false
symbols € a list of the proposition symbols in KB and o

return TT-CHECK-ALL(KB, a, symbols, [])

function TT-CHECK-ALL(KB, a, symbols, model) returns true or false
if EMPTY?( symbols) then

if PL-TRUE(KB, model) then return PL-TRUE(a, model)
else return true
else do

P & FIRST( symbols); rest € REST( symbols)
return TT-CHECK-ALL(KB, o, rest, EXTEND(P, true, model)) and
TT-CHECK-ALL(KB, a, rest, EXTEND(P, false, model))

O(2") Jsaew N (ol

Bhis (5))| e
CM)J@L«Sﬁ6\.@-‘-—1&)3)3,&;‘M};‘Lmb“jﬂ&bjjlvbwjé e
Al

« a=Riffafpandpfo
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(aNpB) = (BN o) commutativity of A
(aV @) = (BVa) commutativity of V
((anB)Ay) = (AN (B A7) associativity of A
(aVvpB)Vy) = (aV(BVy)) associativity of V
—(—e) = @ double-negation elimination
(@ = B) = (=B = —a) contraposition
(¢ = B) = (- V B) implication elimination
(@ & B) = ((a = B)A(B = «)) biconditional elimination
“(aAB) = (naV—fF) de Morgan
“(aV @) = (~aA—fF) de Morgan
(@n(BVy) = ((anB)V(aAy)) distributivity of A over V
(aV(BAy) = ((aVB)N(aVy)) distributivity of V over A |30

SIA3 @30 ¢ )bac)

(AA(A=>B)=B) A=A Av~A True Jts —

KB Fo iff (KB = o) is valid
A3l Cowys b Je I oins s S (satisfiable) ,d Gio dem o @
AvB:Ju —

uuujggaﬁ@a,;jfiu\ﬁ;guduw&

AN ~AJ —

el b pdy e US|

KB Fo iff (KB A ~a) is unsatisfiabe
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(HNF) Horn Ju. ; JSa o
Horn s &)le ke .5 5=KB
=Hom o ,le
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(‘5‘5)‘;6lﬁdwgfibﬁ%§;):>(6‘5)‘;&)_}?&:-0‘)_
P AP, AL.AP,=Q
Tk —
CA(B=A)A(CAD=B)
Horn S I . Modes Ponens ozl 056 ¢

O NO AN AN, OGN A AQ, = B

295 Ce sy 5 sk asy Gy p s dly e 0
g ool (KB oIl o ) fos 0l 53 5 dzed mes jlos Lgligy opl @
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ola g) alisw)

USJL&.G‘ b ol ;Lﬂ)‘KB = QTL{‘,&M‘\SGJJBJAG-J{‘ °
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Q

P = Q f
LAM = P P
BAL = M &\
AANP = L M
AANB = L L
A
B /
A
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ola ag) GE5w) eiy)g))

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 inferredfp] 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

.CM‘GM}JAKHomJQ‘)J&J‘baKiQLg\fkM})Ct;:.w‘ °
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vu,:.wsi,,{fqvugSM>C@\6)wéu,t§@\¢_§M—

BC -
(goal driven) Cous sl -
AL KB 1 4 s o 5 g sl 15 2 BC (S -
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Resolution

(CNF) ke Jb 5 S @

conjunctions of disjunctions of literals
— _/

I BT
Clauses Jie o

(Av~B)A(Bv~Cv~D)

LS\U‘J'fL;L'L‘tS‘jJ“L{}c:M:(CNFLS‘J'I)J:’:‘}S}})CW‘O};B b

L vevived,  myve-m;vevmg

Resolution

P P1,3 Vv Pz,za ﬁF)z,z
B OK yi
GLa w

LvevIi v veeviovmpveevm, vmg vy my . _ .
B WAL (o oS 5 o sl o)l B Gt 6l iP5, 0
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Resolution CNF ay Jasa3
. ) Bi1 < (P, Vv Pyy)
G5 gl 056 Lo ¢
1. Eliminate <, replacing a < B with (a = B)A(B = a).
Py VBV RV v ) = Br1= (Prav Pa) A ((Przv Poy) = By )
=y = (Mg VNV MgV Mg Ve V) 2. Eliminate =, replacing a = B with —av B.
(b VgVl v ) = (g v Y g VY ) (=B11 VP12V Py ) A (=(Pr2 v Po) v Byy)
3. Move — inwards using de Morgan's rules and double-
negation:
(=B11V P2V Py ) A((=P12A =Py ) v By y)
4. Apply distributivity law (A over v) and flatten:
(=B1,1 v P12V Pyy) A (=P 2V By g) A (=Pg 4 v By y)
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Resolution ¢33)¢3))

Sl AU Bls KB A~0L oy 0L sy ¢ ,23L5 as o LS| @

function PL-RESOLUTION(KB, o) returns true or false
clauses < the set of clauses in the CNF representation of KB A~q

new < {}
loop do
for each C;, C;in clauses do
resolvents € PL-RESOLVE( C;, C)

if resolvents contains the empty clause then return frue
new €< new\J resolvents
if new C clauses then return false

clauses € clauses\J new
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OWwelg)) slp JOs

* KB=(B,, < (P;,vP)) A= By

’_‘P1.1\/ Bl.l ‘ ‘ _‘BMV Pl.z\/ P1.1| ‘_'Pl.lv B1.1| ’ _'Bl.l ‘

LL PLz\/ P1.1\/ ﬁPu‘ | ﬁP}.l ] | ﬁPLz]
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) 8)1)5 Ghis s Y5 aGESw! slo el

o8 Glate sl TS Zlizal sla o, SN 5l sl gl 55 @

:Jﬁbém&\féuﬁ)ﬂ1 .
(Davis, Putnam, Logemann, Loveland) DPLL V':l B} )i‘\ —

oo gt oSG 0z, S0
WalkSAT .=, S —
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DPLL @i
CNF b5 JS& 5) sl sl 8 ot 0L 03 63555 dher &K LTS oS o @

(g A oled i) 4 ol s s
(.K;M};u:u—\
Al e ys b I ) 51K a Sl Canys (Clause) 5 S5 e 0
AL S y3b OT (slas S5 516K a8l o ysb alas &K 0
e o S 5 500 =Y
bl Cade ¢S Lla s S5 ples )3 4 pe i dme Jrann ®

& oo s B 5 A Gl e (AV —B), (=B v —=C), (CV A) 5515 4w j5:dte ®
s oo J g &S5 C Lol (L

05 3 |y e S S IR0
Aly 2515 Sty g0 Y
WJIad &K Sl e 0T Gl JIad ples &7 (55155 b sl (oo JId &5 Jols g8 oy 5 ST 5

ML’@\L&:)JL
L S ys b Aoy 3 ST 3 SSK ja g ge Il S g @
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DPLL @is)o3)

function DPLL-SATISFIABLE?(s) returns true or false
inputs: s, a sentence in propositional logic

clauses + the set of clauses in the CNF representation of s
symbols « a list of the proposition symbols in s
return DPLL(clauses, symbols, | ])

function DPLL(clauses, syrmbols, inodel) 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 false
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(dauses, 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])

WalKSAT elyeal

&Kb)&uéwﬁ)ﬁ‘ b
035 wnS (6lp 68 00 Sl Samsn 1oLl a6
ol sLo,l slas ST 5 sl

Qbﬁgbw‘jﬂbﬁﬁ@f&‘jgﬂoL:‘dbw ®
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- = - n ] = [
Wal kSAT @3s)g3)) A (s33:00)1 J3lws
fur}ction WaLkSAT(clauses, p, maz-flips) returns a satisfying model or failure s ol /S Jk_‘ 33 b L}g'}‘ o5 3_CNF CJ% °
inputs: clauses, a set of clauses in propositional logic e
p, the Probablllty of cho.osmgto doa rand.or'n walk” move (—|D v —B v C) A (B v _|A v —|C) A (_|C v —B v E) A
maz-flips, number of flips allowed before giving up
model« a random assignment of true/false to the symbols in clauses (E v =D v B) A (B vEv _|C)
for i = 1to maz-flips do . . o o .
if model satisfies clauses then return model U’w\’- 9?2 by )}b « Jde V7 2 uw‘ ¥y J;‘fe S 2 JJ~ - S
climsﬂ—a ranc..fo.mly selleched clause.from clauses that is false in model (d_,u UEL.,' LS‘ji) ,J._;L, s L&AK
with probability p flip the value in model of a randomly selected symbol
from clause UBJ;‘J.Q Mdss=m
else flip whichever symbol in clause maximizes the number of satisfied clauses
return failure la J}""‘.‘.‘“’ i =11
(S o o) XL /1= 4.3 6555 Cdenn Jilan sy 0 i a,
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Caw (sR:00)1 J3lus

1| — %
v
1
08 | ) 1
= 06| H -
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2 04| 1 n=50
~ I
02 | 1
ot | | | | . S —— PE—

0 1 2 3 4 5 6 7 8

Clause/symbol ratio m/n
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OAw (sR:00)1 J3lus

2000 T T T

1800 | DPLL —
1600 | WalkSAT -

1400

Runtime
® O
g8 8

L

g

|
i
_i
j

0 1 2 3 4 5 6 7 8
Clause/symbol ratio m/n
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Caw (sR0:00)1 J3lus

:&J&@)bc&bﬁgw hd
23l flw s 3l S Sl Slow doi Knp flus —
Foles 12202 100 b alin 55 ke 5k o do a i

RENEERUPNES
«<* DPLL )" f*‘,’.‘f"" )wwal kSAT v.’.'.i)jij‘ GOJJJM Jf).) -
AL
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L3S )y AW Y (i3e sle Jele
ovoaslg

1) o)1 8 Ghate 5l oalizal b v gosly glis Jule oS
=Py,
Wi,
B, <= (Px,y+l VP VPV Px—l,y)
Sx,y < (Wx,y+l VW VWV Wx.l,y)
Wi vW v v,
—.Wl,1 \ —|W1,2
W vaW, s

Sslize gl oyl S g S 0
e 100
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function PL-WUMPUS-AGENT( percept) returns an action
inputs: percept, a list, [stench, breeze, glitter]
static: KB, initially containing the “physics” of the wumpus world
z, y, orientation, the agent’s position (init. [1,1]) and orient. (init. right)
visited, an array indicating which squares have been visited, initially false
action, the agent's most recent action, initially null
plan, an action sequence, initially empty

update z,y,orientation, visited based on action

if stench then TELL(KB, S, ,) else TELL(KB, - S, )

if breeze then TELL(KB, B, ;) else TELL(KB, B, ,)

if glitter then action + grab

else if plan is nonempty then action — Pop(plan)

else if for some fringe square [7,j], AsK(KB,(—~ Pij A — W;;))is true or

for some fringe square [4,5], ASK(KB, (P;; v W;;)) is false then do

plan + A*-GRAPH-SEARCH(ROUTE-PB([z,y]. orientation, i), visited))
action + POP(plan)

else action + a randomly chosen move

return action
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Slo))s ghis sla Cusgsas

1 135 55 1 SISOl 8 1 sl o)l S Glate ST 55k 4 0
Gbe”é}:é“ QMJ*‘U"GJ*‘J“LS‘},_

[x, Y] O&ﬁﬂ Ol 2 lp =
L, ' FacingRight' A Forward' = L, "'
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aolla

5l HIs Blasl gl il oKL e S50 2 gl Sl e gl a0
o.sLa...»\L;jf(....w

Gkt ol oalie o
(syntax) ,lslu -
(semantics) Lins -
(entailments) o izl -
(inference) o-luzul -
(soundness) oo -
(completeness) s 5 JoS -
5 s b Ol s Horn gls sl gl cde a5 5 sl 4 ) Cl:.:.w\ .
Al o el
el o8 el o) F sate (61 i 55, @

-L&L:Gﬁgw ‘J‘_;’LAJ)L)JG‘GJ‘;‘}]M °
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(WL ANVW,)

_ L FOL ‘J.?:- i
Jol wd)s Ghis “ ' .

FOLJJUM@L&OJJL’Z}-M&&)J{.
- . FOL " OJLA.;MJ‘ hd
S3os pol Lo FOL s sl sl ®
E-mail; razavi@Comp.iust.ac.ir FOL " .

\YA¥ 33 s cwdige
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¢! 0)1)3 Ghis wules g Llys FOL

e il e s ] el o € sl © Ghte (el o S5 Bl 5L uST b 5 ol o)l S sl Sl 55 0

S e el g Wl 23 355 Jols s A8 o153 (b O3 25L) il e

Sl )l s JY bz e O Djpanl g 53— Sl oS 5 Sl el S Gl © 31 (Properties) olislo sas aaul y " sis S5 L3151 L (Objects) (Ll —

35 oo e O olijle SV @ a5 b S o e ¢S5 (glins ¢ o Ll s BB RS
, - = 3l pens 45 Bl 42503 3 gm s Ll 5 s e Ll sL3l o s ((Relations) Lafy, —
&p@y)\wgsloﬂféb)soia.?-d\:au@ e i ,.\;jcuﬁ(Fﬁn)ction)cl:o,quél;j

(b 0L Y= ) w3 3t S 3l oy (functions) s —
315 (65 e Hls Olo oy (5l o)l e @ b oo Ol oL o Ll 5 Ol sas Gl 4 gl )l Do 4 G la- 0
(b 05 O3 ) Pk e

L& .l>. . & . & L! Lﬁ 4.“> ” . f/ ‘ - . ‘ s ‘,/ wl . )&:,4 - Sum(l, 2, 3), EVCH(Z), Odd(3),
A S ' O e 6 )Jf,\iid;-:;l’u — Parent (Bob, Jim), Male(Bob), ...
- = ' — Add(1, 2), LeftLegof(John), ...
b ath g aler oSG Gl a ol 4SGT K dd(l, 2), LeftLegof(John),
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(35 )ob @ o Ghis

Language Ontology Epistemology
Propositional Logic | facts true/false/unknown
First Order Logic facts, objects, relations true/false/unknown
Temporal Logic facts, objects, relations, times | true/false/unknown
Probability theory | facts degree of belief€[0, 1]
Fuzzy logic degree of truth €[0, 1] known interval value
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1501 wolic :FOL yGalw

(KingJohn, 2, ...) .t *
(Brother, >, ...) baiuws ©

(Sqrt, LeftLegOf, ...) pls e
X,¥,a,b, ..l sz @

(1, =, A, V, ) ikt sla Ll @

(=) sl ®
(va 3) \A)}w *
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FOL ys Olas yGalw

Sentence = AtomicSentence
| Sentence Connective Sentence
| Quantifier Variable, ... Sentence
| ~ Sentence

| ( Sentence )
AtomicSentence = Predicate(Term, ...) | Term = Term
Term > Function(Term, ...)

| Constant
| Variable
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FOL ys Olas yGalw

Connective > = | A | V | &
Quantifier > V | 3
Constant = A | X, | John | ...
Variable 2 a | x | ...
Predicate > Before | HasColor | ...
Function = MotherOf | LeftLegOf
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@93 g lasiws (o Cb

LS o pms e 3 ol (5SS 4l gl e
— A, B, John, ...
ST oo § s dde 3 035 4, & & 1 (Predicates) L
— Brother, Mother, ...
S a4 ads dal) Lo g (5 g ltn w6 Lol Sl pdm 1 5
RRY < Cﬁ) Ji.v‘é "LS&
— MotherOf, Cos, LeftLegOF,...
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(7erm) o)

ST o e b S w S e Dle e 5 0
(A, B, C, John, ) a Q\j _
(8, b, X, ...)ls ke —

el -
MotherOf(Richard),
Length(LeftLegOf(John)),

Cos(30),...
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(Atomic Sentences) sslw Ollasn
L ) Dy se 4 el dhe S0
Predicate(Term,, ..., Term,)

+ Brother(KingJohn,RichardTheLionheart )

* >(Length(LeftLegOf(Richard)),Length(LeftLegOf(KingJohn)))
* Married(FatherOf(Richard), MotherOF(John))

sTerm; « lal o Predicate daly 8 ol Sy Sl osle dlazr & 0
-L&L )‘J';J" J«S < O)Ud‘ LGJT auTeI’l’nn 9 e
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(Complex Sentences) (aSys Cllas

ébé&b‘)@yébb&%%{j)‘df&b% °
AT e s

-S,,S;A\S,, S, VS,, §,=S,, $,¢S,

* Brother(John, Richard) /A Brother(Richard, John)
* Older(John, 30) V Younger(John, 30)

* Older(John, 30) = ~Younger(John, 30)

* ~Brother(Robin, John)
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(0-0C)0W

Vv (Variables) {Sentence)

Everyone at the class is smart

Vvx at(x, Class) = Smart(x)
b S LS S ples (Ao o F LSl il geges s 0
AT s o Sentence
at(KingJohn, Class) = Smart(KingJohn)
A at(Richard, Class) = Smart(Richard)
A at(Class, Class) = Smart(Class)
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G30200)0W

d{Variables) {Sentence)

Someone at class is smart

Jx at(x, class) A Smart(x)
2l UK b oS e ol (e S F LSl il 395 s ®
AT s s Sentence
at(KingJohn, Class) A Smart(KingJohn)
v at(Richard, Class) A Smart(Richard)
v at(Class, Class) A Smart(Class)
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Jolsls alikih) 5

stae CS Sl 6o g g 5 b d S S LKl es jsm 0

S0 )Lif
m Mortal (x)
Sister(x, Spot at(x)

Gl WS Ay Tl WIS 53 S T e 4 ) dhes 1 e

(Nested Quntifiers) ¢3)s¢3 (sloyguw

Vx Vy Parent(x, y) = Child(y, x)
Ix 3y Owner(X, Y)

3505 35 @ b b g gl Ol (o VL DM 5>
L o VYIX slee XYY Ll

L e ol Vx3y mother(y, X)
Vx at(x, Class) A Smart(x) Jyvx mother(y, x)
TR ahe L
dx at(x, Class) = Smart(x)
(o) o bLS)) sqlud

Ll 53 KaK L a8l Gk 5l Gosms 5 (o5es sw ®

HE LI
—(VXP) =3x-P
—(3IXP) = Vx—-P
VXP = —3x—P
IXP = -VXx—P g u.?lf): Jle @

Vvx Likes(x, lceCream)
3x Likes(x, Broccoli)

—3x —Likes(x, lceCream)
—Vx —Likes(x, Broccoli)
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Sl Cnys i pnds &S o Term, = Term, *
wxrl o LSS b 4 g Term, 5 Term, 5\ Lis

Parent ..~ , Sibling _o 25 :Jks °

Vx,y Sibling(x,y) < [~(x = ) A Imf— (m = 6§ A
Parent(m,x) A Parent(£x) A Parent(im,y) A Parent(Z£y)]
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FOL ! aslaiuw)

1 S Sl Lol 4l
Lzs Sibling KusS Llaysl, @
Vx,y Brother(x,y) = Sibling(x,y)

il oo yesed OT Eige Aly o a jole ®
Vm,c Mother(c)=m < (Female(m) A Parent(m,c))

Al o 5B ol (g1l “Sibling” daf,
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Vx,y Sibling(x,y) <> Sibling(y,x)

FOL 3! as(aiw)

24.9}“.‘?.-.» Ll
Vs Set(s) < (s = {} ) v (3x,s, Set(s,)) A s= {x|s,})

—3x,s {x|s} = {}
VX,s X € s <> s = {X|s}
VX, sXx € s [Ty,s, (s=1{yls;} AX=yVXESs))]

V81,8, 8, C8, < (VXX €8y =X €5,
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V818, (81 =5,) 9%51 C S A8, C8))

FOL ys gwils o530 G 2)glas

t=5 0l 3 5 4 o 03lizwl FOL 513 oL 31 v seels sbis 53 lale aiS™ 5 5
ST o 3l 53 (o B )3) g1 5 eed S
Tel 1(KB,Percept([Smell,Breeze,None],5))
Ask(KB,3a BestAction(a,5))

?.\.&l{@tzsj.s‘}.w&lf.ﬁ€}waB L“Tcu..«u_
sl Cnd > {d/shoOL}) o sy
16 il d 5S e 22l L
3)03 0,518 450 Kl 5l Jol> s 4 SO —
S'= Smarter(x,y)
o = {x/Hillary,y/Bill}
So = Smarter(Hillary,Bill)

KBEo S oS0l 5L ws ASK(KB, 0) —

Razavi seé - 200

owgasly (sBIs (sl guils 50

&s_f ‘ ).)‘ ®
— Vt,s,b Percept([s,b,Glitter],t) = Glitter(t)

— Vt Glitter(t) = BestAction(Grab,t)
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Ale33 polod pliw)

* Vx,y,a,b Adjacend[x.y],[a,b]) <
[aab] < {[X+1 aY]a [X' 1 >Y]>[Xay+ 1]> [X’y_ 1 ] }

O Slos gas @
« Vs,t A(Agent,s,t) A Breeze(t) = Breezy(s)

Bl g e 5115 L ol L slee sla @

bﬂf@b‘ﬁo",jléj))"‘)w——— 2~.=’ *“O‘y'L;_
Vs Breezy(s) =3 r Adjacent(r,s) A Pit(r)
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(X slaylas aisls

w.”.jg')}}a.; ,.d}umﬁ':' .

()\.\.ﬁ LS'"JU) QM@C’@)JM@‘))\M LLT—

‘dafj"u’:"bé.))"'@" .

(AND, OR, XOR, NOT) s .8 glgl tla &8 5 o oo S 5 -
be o8 s 555 ¢ S o1 b g el Eils —
S 5590 3 6,8 (e
:g_,.a.kﬁul ‘_gl.b °|J -
Type(X;) = XOR

Type(X,, XOR)
XOR(X,)
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(X3 (slaylas aisls

M‘J@N&}b[)brﬁu\s ¥

-Vt,,t, Connected(t,, t,) = Signal(t,) = Signal(t,)

-Vt Signal(t) = 1 v Signal(t) = 0

-1#£0

-Vt,,t, Connected(t,, t,) = Connected(t,, t,)

-Vg Type(gd) = OR = Signal(Out(l,g)) = 1
<> dn Signal(In(n,g)) =1

-Vg Type(g) = AND = Signal(Out(l,g)) = 0
< Jn Signal(In(n,g)) =0

-Vg  Type(g) = n&QRA come-200gnal(Out(l,g)) = b

< Signal(In(1,g)) # Signal(In(2,g))

(X3 slaylas aisls

P Dlas 4505 €5 4 by o 5313 03 505 IS D

Type(X,) = XOR Type(X,) = XOR
Type(A,) = AND Type(A,) = AND
Type(O,) =OR

Connected(Out(1,X,),In(1,X,))
Connected(Out(1,X,),In(2,A,))
Connected(Out(1,A,),In(1,0,))
Connected(Out(1,A,),In(2,0,))

Connected(In(1,C,),In(1,X,))
Connected(In(1,C,),In(1,A,))
Connected(In(2,C,),In(2,X,))
Connected(In(2,C,),In(2,A,))

Connected(Out(1,X,),0ut(1,C,)) Connected(In(3,C)),In(2,X,))
Connected(Out(1,0,),0ut(2,C,)) Connected(In(3,C,),In(1,A,))
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(X3 (slaylas aials

Cl )U.a@)ﬁOé}‘&g‘_fﬁ@i&[ﬁhd))})}‘ﬁf;%
?Jj,ju

3i,,1,,i; Signal(In(1,C,)) = i; A Signal(In(2,C,)) = i, A Signal(In(3,C))) = i; A
Signal(Out(1,C,)) = 0 A Signal(Out(2,C,)) =1

oS sls Gy
{1,/1, /1, 1/0},
{1,/1, 5/0, 1,/1},
{1,/0, L,/1, ,/1}
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(X slaylas aisls

CL:.:AQ”J;?,U»J{JL@;!?
di,i,,i3,0,, 0, Signal(In(1,C,)) = i, A Signal(In(2,C)) = i, A
Signal(In(3,C,)) = i; A Signal(Out(1,C,)) = o' A Signal(Out(2,C,)) = o,

Ixyrion| )‘Jw IS Lg‘j’ Ju‘j@“-fJﬁK Lﬁ'}j"'/é')i)} dﬁb c"ﬂ‘i
.3 gl
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(X3 slaylas aisls

Sl oKl plss Il Y
foebl sl s oKL s 1, 1#0 cads S

Ji,i,,0 Signal(In(1,C,)) = 1, A Signal(In(2,C))) = 1, A
Signal(Out(1,X,)) =0
Xl)bd‘gﬁﬁﬁ§a\ﬁ\ 6@6:3)36‘J:4§J5@Wwﬂjd‘
ORJ_)}A)JL?V}AL}J‘M%}’L -\.wbd‘uua.’r.«m

Vg Type(g) = XOR = Signal(Out(1,g)) =1 < Signal(In(1,g)) # Signal(In(2,g))
sk oS 5 iola 63555 51

Signal(Out(1, X,)) =1

= 1#0 N. Razavi- Al course - 2005 33
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u)ycéjucuwcc‘jchgc:)tﬁ-b—
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Jol adys Ghis ) aGiw)

& b
S50 pol A
E-mail; razavi@Comp.iust.ac.ir
\YA¥

(WL ANVW,)

S o)l S gzl 4 Johas o pluzal Ll
(Unification) ;e 0LSS

(GMP) 4l oens MP

P gy glisl o s

e 4 g il o o

4395
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(UT) 094¢ (silw aigad

el BB dlax OT Law g ¢ o g0e Hsm 1> dor &l wsas o @

Vva
Subst({v/g}, a)

Vx King(x) A Greedy(x) = Evilx) :Jt

King(John) A Greedy(John) = EvilJohn)
King(Richard) n Greedy(Richard) = Evil Richard)

Sl

King(Father(John)) A Greed(Father(John)) = Evil( Father(John))

N. Razavi- Al course - 2006

(EI) 53009 (sjlw adg.al

AL 3 6,505 Gl 53 4 K ol Jsmonw 5 V okt Ol a1
sl odis alb ls

dva
Subst({v/k}, o)

dx Crown(x) A OnHead x,John) :Jt.
Crown(C)) A OnHead C,John)

Ay S o ISl b 0T 46 b ik o & G 7 b5 4,

N. Razavi- Al course - 2006

4




¢! )13 aliaw! & Juis

:mpﬁjom&uuKBs,\:Sué;

Vx King(x) A Greedy(x) = Evil(x)
King(John)

Greedy(John)
Brother(Richard,John)

:ﬁ)‘i(;&ﬁékrw“{dﬁ)rﬂé‘)‘ﬁdﬂ?é}tﬂ‘ﬁﬂ\{

King(John) A Greedy(John) = Evil(John)
King(Richard) A Greedy(Richard) = Evil(Richard)
King(John)

Greedy(John)

Brother(Richard,John)

S ke 6l oyl 8 ol J o cComl sl (g5l (6l 041 5 Lu- KB

King(John), Greedy(John), Evil(John), King(Richard), etc

(asls)) ¢s) 0)1)5 AGEEW) @ Julds

i sl o)l S sl 68 4 nlg o« FOL S5 ils oL a
.,\;f.E.ép-b(!J:lu\«f:}&

S ki, Bl \jLw:\‘_}abubbKB b},w&
Lo oS st sl wa b «Sf:f/ﬁ 13 oL o]
LSL:.AJ'(JSL;UU\;MUJM;J&UL;Ladwi)}n)J:Jng.«
Mo 3,15 3529

Father( Father( Father(John)))
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(asls)) ¢s) 0)1)0 AGEW) @ Juds 03083 (s)bw () 8)1)}9 SN
sl ol 5 FOL il oKL L g 0 der S1:(0a¥) Herbrand o8 g ool byl O 055 ol & o‘)‘jf S dy oo B4
ba..u‘_gl,w‘_g\a| ‘Jo&;b\éb}bué\.c}w Lbay e \a&;‘ L. . . .
JJ ? );w ’ 29 s g_,.:’;rbl.w\ ﬂ)uNLo- )‘dbd\jw@
o] vx King(x) A Greedy(x) = Evil(x)
For n=0to o do King(J ohn)
create a propositional KB by instantiating with depth-$n$ terms
see if o is entailed by this KB Vy Greedy(y)
_ Brother(Richard,John)
LBl o Calg (g il 55 Doy geat) b 3 S 58 WL 0L p sl KB ST S
ol Oy ol 40w FOL (sl pl 3kl :08Y9) 2 2 5 K05 55 (6555 B _
2SN I3 S o 5 1 el plikeal BB Al 8 6l 4 sls 3 gm s gl 0, S 6oL sl 055 il gl o)l 5 L Evil(John) « <. el
SIS ol L Ll BB S by 2 oS 2 Ail oo by el &S 08" e 5 Greedy(Richard) wte
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(Unification) ¢sylw olwsy

s King(John) t Greedy(x) 5 King(x) « ¢ 5k « =l 0 Ll il oS P 5.
AT o oy ooy izl o KT el 3s Greedy(y)
0 = {x/John,y/John}
¢ Unify(a,p) =0 if ad = pO

p q 0
Knows(John,x) Knows(John,Jane)
Knows(John,x) Knows(y,0J)
Knows(John,x) Knows(y,Mother(y))
Knows(John,x) Knows(x,0])
N. Razavi- Al course - 2006 9

(Unification) s)bw olbwsy

s King(John) t Greedy(x) 5 King(x) « b « e 0 Ll il S P 3.
AT o oy by izl o KT ey 35 Greedy(y)
0 = {x/John,y/John}
*  Unify(a,p) =0 if ad = fO

p q 0
Knows(John,x) Knows(John,Jane) {x/Jane} }
Knows(John,x) Knows(y,0J)
Knows(John,x) Knows(y,Mother(y))
Knows(John,x) Knows(x,0])
N. Razavi- Al course - 2006 10

(Unification) ¢sylw oylwsy

5 King(John) \, Greedy(x) 5 King(x) < 5k 4 o2l 0 tile st &K (il S1 ¢
AT o oy ooy ezl o KT el 3s Greedy(y)
0 = {x/John,y/John}
« Unify(a,p) = 0 if 06 = B0

p q 0
Knows(John,x) Knows(John,Jane) {x/Jane}}
Knows(John,x) Knows(y,0J) {x/0Ol,y/John}}
Knows(John,x) Knows(y,Mother(y))
Knows(John,x) Knows(x,0])

N. Razavi- Al course - 2006 11

(Unification) (s)bw olbwsy

5 King(John) , Greedy(x) 5 King(x) < 5k 4 puls 0 tile stilr &K oiln 51 ¢
AT o oty by iz o KT ey 35 Greedy(y)
0 = {x/John,y/John}
- Unify(a,p) =0 if 6 = B0

p q 0

Knows(John,x) Knows(John,Jane) {x/Jane}}
Knows(John,x) Knows(y,0J) {x/Ol,y/John}}
Knows(John,x) Knows(y,Mother(y)) {y/John,x/Mother(John)} }
Knows(John,x) Knows(x,0])

N. Razavi- Al course - 2006 12




(Unification) ¢sylw olwsy

s King(John) t Greedy(x) 5 King(x) « ¢ 5k « =l 0 Ll il oS P 5.
AT o oy ooy izl o KT el 3s Greedy(y)
0 = {x/John,y/John}

« Unify(a,p) = 0 if 00 = BO

p q 0
Knows(John,x) Knows(John,Jane) {x/Jane} }
Knows(John,x) Knows(y,0J) {x/0J,y/John}}
Knows(John,x) Knows(y,Mother(y)) {y/John,x/Mother(John)} }
Knows(John,x) Knows(x,0J]) {fail}
Knows(z, OJ) S :la ze (5500 55l
N. Razavi- Al course - 2006 13

Sw olwsy

3> Knows(y, z) 5 Knows(John, X) ¢ijlv L &, °
b oajls s oy (il

1) 6= {y/John, x/z }

2) 0= {y/John, x/John, z/John}

AL o 033 1 5 (o se e LSS sl 0
A{J..WSJJ‘:sﬁ}(MGU))'L»QL&d;@}J—&J@& .
AL 55
MGU = { y/John, x/z }

N. Razavi- Al course - 2006 14

SHbw sy e33)e))

function UNIFY(z, y, #) returns a substitution to make z and y identical
inputs: z, a variable, constant, list, or compound
y, a variable, constant, list, or compound
f, the substitution built up so far

if # = failure then return failure
else if r = y then return ¢
else if VARIABLE?(z) then return UNIFY-VAR(z, y,6)
else if VARIABLE?(y) then return UNIFY-VAR(y, z, )
else if CoMPouUND?(z) and CoMPoUND?(y) then
return UNIFY(ARGS[z], ARGS[y], UNIFY(OP|[z], OP[y], 8))
else if LisT?(z) and LisT?(y) then
return UNIFY(REST[2], REST[y], UNIFY(FIRST[2], FIRST[Y], 8))
else return failure

N. Razavi- Al course - 2006 15

S sy e33)e3))

function UNIFY-VAR(var, z,6) returns a substitution
inputs: var, a variable
I, any expression
f, the substitution built up so far

if {var/val} ¢ 6 then return Uniry(val, z, 9)
else if {z/val} € @ then return UNIFY(var, val, 4)
else if OCCUR-CHECK?(var, z) then return failure
else return add {var/z} to @

N. Razavi- Al course - 2006 16




Generalized Modus Ponens (GMP)

P15 P25 s P (PIADPLA < AP, =Q)

where p/'6 = p; 6 for all /

qf
p,' is King(John) p; is King(x)
p, is Greedw(y) p, is Greedy(x)
0 is {x/John,y/John} q is Evilx)
q 0 is EvilJohn)

It ¢ 1a3s) e slas S5 51 asls oL L GMP e

N. Razavi- Al course - 2006 17

GMP oo

:mmguu%g i
Pi's s Py (DL A oo AD, = q) QO

pi'9=pie :rt*f“liw‘-’l'ﬁé‘j“fdbﬁq
p |=p9 Iﬁ)bUIJa.w}?pwﬁé‘j:rj .

OAAP=9 FOA . AP, = Q0= (D0 A ... AP0 = q)

1
2.
2. p5\% .\, |=p,' Ao AD, |=p1'9 A..AD,O
3. From 1 and 2, g0 follows by ordinary Modus Ponens
N. Razavi- Al course - 2006 18

Bgad guils a5l

* The law says that it is a crime for an American
to sell weapons to hostile nations. The country
Nono, an enemy of America, has some
missiles, and all of its missiles were sold to it
by Colonel West, who is American.

* Prove that Colonel West is a criminal

N. Razavi- Al course - 2006 19

(olsl) Aigad guils o530

... it is a crime for an American to sell weapons to hostile nations:
American(x) A Weapon(y) n Sells(x,y,z) n Hostile(z) = Criminal(x)
Nono ... has some missiles, i.e., 3x Owns(Nono,x) A Missile(x):

Owns(Nono,M1) and Missile(M1)
... all of its missiles were sold to it by Colonel West
Missile(x) A Owns(Nono,x) = Sells(West,x, Nono)
Missiles are weapons:

Missile(x) = Weapon(x)
An enemy of America counts as "hostile®:
Enemy(x,America) = Hostile(x)
West, who is American ...

American(West)
The country Nono, an enemy\0R AWEECDurse - 2006 20




ola @ 9) 2055w E33)e3))

function FOL-FC-Ask(KB, a) returns a substitution or false

repeat until new is empty
new<—{ }
for each sentence rin KB do
(pyA... N py = g) ¢ STANDARDIZE-APART(r)
for each f such that (p1 A ... A pu)f = (p| A ... A p,)0
for some pi,...,p! in KB
q' + SuBsT(6, q)
if ¢’ is not a renaming of a sentence already in KB or new then do
add ¢’ to new
¢+ UNIFY(¢, a)
if @ is not fail then return ¢
add new to KB
return false

ols @ 9) 63w bawgd OL3)

American( West) | | Missile(M1) | IOn'm‘{Nano.MI,II IEnem_u’hbm.Amrim )

N. Razavi- Al course - 2006 21 N. Razavi- Al course - 2006 22
ols 333 3 O30 Q 333 3 O30
A @ §) 035w bawgs O05) oo @ 9) aGENw] buwgs O0o)
Weapon(M1) | [ Sells( West.M1.Nano) @ WeaponM1) | [ Sellst West. M1 Nano) Hostilei Noro)
American( w'esr;| |Mr’s.s‘He{MH | |o;.-nsf.\fa.-za.m;| IEnfm_w;\bm.Awrr'mj Amevican( West) | | Missile(M1) | IOn'ns{Nana.MHI IEnfm_m\bm.Amrr'm )
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ola @ 9) pGEAw) Slogs

ol @y 9) aGESwl (3 1y(S

- "CM jJ.aL{cFOL ~"*,6h3;1}61ﬁ0 Lfﬁ"g :,12*4{).\:5("‘1()‘)&')3: &”‘jé‘ggj'l’."‘{ﬁjc‘"”‘.
, G (il ois w3lsl K-1 51 G s 2lal 5 51 aluS e oS
stUJWQj.laFOLu:;ué‘.aa;\ﬁ=Datalog d D ele Lo ‘)Jgj *f“')f @Ja
a8 gl (63 gdoes Lgl.:sjﬁ sl Datalog Sy FC - i
3ok MLQJ.&J&J;‘}SGAQLE‘J?°
e s £5A ) > )
_ _ 03 odd alds Hla &S das s oojllesls oL gy e li —
Sl et (B O p s I3 oL ST IS I s e x5 b O(D) ol
> ghs (a8 se
Mwwﬁsu";‘fb("}t”ﬂ‘":‘“'"‘J'.’-%LUL‘:"‘U'.’.‘. R le.a o\i{\.}: 2 LS‘ obj'l.wf )jb‘b'}.lq-‘\.:j) C\L’.&w"
&:adﬂ‘ﬂu\i 3‘9‘)@)\;4{@-%‘
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Qic @ g) a6iNw) ei3)edl Qe @ g) aGw! JOus
function FOL-BC-Ask(KB, goals, §) returns a set of substitutions ST
inputs: KB, a knowledge base
goals, a list of conjuncts forming a query
f, the current substitution, initially the empty substitution { }
local variables: ans, a set of substitutions, initially empty
if goals is empty then return {6}
¢+ SussT(f, FIrsT(goals))
for each rin KB where STANDARDIZE-APART(r) = (p; A ... A py = q)
and @' < UNIFY(q, ¢') succeeds
ans ¢+ FOL-BC-ASK(KB, [p1, . . ., pa|REST(goals)], CoMPOSE(6, #')) U ans
return ans
SUBST(COMPOSE(81, 62), p) = SUBST(62, SUBST(61, p))
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Qbe @ g) aG5w) JOs

{x/West]

Criminall West)

Americanx)

| Weapon(v) | |SEH.5‘{.\’.}‘.ZJ |

Qbe @ g) bW Jls

{x/West]

Criminali West)

| American Wesr) |

Ll

| Weapon( y) | ISEHS‘(.\’._F.ZJ
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Qde @ g) aG5w) JOs Qbe @ g) bW Jls
pomest —
IAmeric'ma{ Wesr) | | Weapon{ v) | |SeH.s\,f.\’,_1;,z,l |Am\err’cma{ Wesr) | | Weapon v) | ISeHst’.\:_v‘z)
L1 I}

Missile(v) Missile(v)
[ yoml}
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Qbe @ g) aG5w) JOs

{x/West, wMl, z/Nona

Criminall West)

[Americanywesr) | | Weaponiy) | [ seliswestmiz) |
L} | #Nono |

| Missile(v) ||Missifewr ) | IOu‘ns{;\‘ono.MUI

Qbe @ g) bW Jls

{x/West, wMI, zNona |

Criminali West)

[American(Wes) | | Weapon(y) | [ settsiwestmiz) | Hostile{ Noro )

Ll | #Nana |

| Missile(v) ||Missife{MU | |Ou‘ns(1'\'ono,MU| |Emm}‘{Nano,Americ‘n)

[ wMi} [ i} [} L} L}
N. Razavi- Al course - 2006 33 N. Razavi- Al course - 2006 34
Qic wg) a0iaw) Oluogos GoJg) :abis (gl sy

e DUl Sl las— g“jjl{éa.o—dj\ S e (OS]

udb-;yjt}:hat}»lfb
MJ))f}AJ‘M‘(WL&”Q»&WL&&cU —

(Sl a5 s o 4) (51,55 (sl Dot o5 s 4 TG
memoization e s— (jriy disle (2 ae L) (A5 sl o 31 > ol ) —

:ﬁ@aamus&MwBSMUﬁpL;\nﬁf))hq
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» Algorithm = Logic + Control

S ! c.)j'.“f sk 4 =0y s ST L bjiip ' 50!

(LAJSML{V.?Q:J«Jojjﬁ)b)@|cﬁoém~‘cﬁ:\jjb:})‘
las ST, 5 gl as gomma = aali

=>J§1J.é

head :- literal,, ... literal,

Jle @
criminal(X) :- american(X), weapon(Y), sells(X,Y,Z), hostile(2).
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Soelop Sluogns

@‘)Qﬁj\jd&&—d)‘c@et{j)cw.w‘
XisY *Z+3 3 ol Slabows gl ols Shas

(s 5 83955 V) Sl o)lse b pladis
(s Ol 6 a5 s Y) s G5 [ 5 @
O:..Z\:L::JL':A —

alive(X) :- not dead(X).
5,5 S not dead(Joe) $1s55 s 59 4e alive(Joe)
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Aodg)

A o G 5 (s Sos S (sl 4 e S 05 S LS
(Append J«s)

append([1.Y,Y).

append([X|L1,Y,[X]1Z]1) :- append(L,Y,Z).

S5 ®
append(A,B,[1,2]) ?
“La C"“L.'. P
A=[1 B=[1,2]
A=[1] B=[2]
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A=I1_21 B=I1l

ol :)u0elg))
ol 4 e shie 55 o 4des, @
liVVl];, mlvvmn

GV vilbyvE v v vym v m

oV e m)B

Unify(l;, —m;) = 6 5

S e Jols oS 6l 65 4 Ll e 3 Ikl 3 S5 534S 558 o S p
REET

:d\:; U

—Rich(x) v Unhappy(x)
Rich(Ken)
Unhappy( Ken)
with 0 = {X/Kel’l} N. Razavi- Al course - 2006 39

A

- " CONNTTV/TITY AN

CNF a3 Jass3

* Everyone who loves all animals is loved by someone:
VX [Vy Animaly) = Loves(x,y)] = [Jy Loves(y,x)]

1. Eliminate biconditionals and implications

VX [-Vy =mAnimaly) v Loves(x,y)] v [Jy Loves(y,x)]

* 2. Move — inwards: =VX p = 3x —p, — Ix p = VX
—p

Vx [y ~(=Animaly).y Lovesx )l v [Ty Loves(y,x)]
VX [y =—Animaly) A —~Loves(x,y)] v [y Loves(y,x)]




W

oW

(asls)) CNF a3 Jasss

Standardize variables: each quantifier should use a different one

Vx [3y Animaly) A —Loves(x,y)] v [3z Loves(zx)]

Skolemize: a more general form of existential instantiation.

Each existential variable is replaced by a Skolem function of the enclosing
universally quantified variables:

Vx [Animal K x)) A = Loves(x,F(x))] v Loves(((x),x)

Drop universal quantifiers:

[Animal K x)) A —Loves(x,Hx))] v Loves((Xx),x)
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Distribute v over A :

J0ls :0ig)g)) alawgy GG

S American(x) v - Weapon(yl v - Sellsix.v.z) v - Hostile(z) v Criminal{x) |

| American Wesr)

T Americani Wesr) v T Weapor| ) v 1 Sells(Westy.z)

| = Criminal{ West) ‘

v 71 Hosrile(z)

| — Missile(x) Wcuponr.w| | - Weaponiy) v - SellsiWesty.z) v — Hostileiz)

Missilel M1 ) — Missile(y) v - Sells{ Westv.z) v - Hestiledz)

- Missilefx) v — Owns{Nono,x) v SellsfWest.x, Nono) | - Sells{ West,M1,z) v - Hostile(z)

Y |

MissileiM1 ) = Missile{M1)} v — Owns{NonoMI) v - Hestile{Nono)

Ownsi Noro, M 1) — OwnsiNono,M1) v = Hestile(Noro)

‘ - Enemy{x.America) v Hostile(x) | =1 Hostile{ Noro ) |

Enemy(Nana, America)

Enemy Nono,America ) |
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