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AbstractObjects GeneralizedEvents
7 T~ ST —
Sets Numbers RepresentationalObjects Interval Places  PhysicalObjects Processes
/\ /\
Categories Sentences Measurements Moments Things Stuff
N\ N\
Times  Weights Animals Agents  Solid Liquid Gas
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Humans
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CATEGORIES AND OBJECTS

2Bl olainl 5o adius jo Ludil casbe jhus Ty g pud

Lydlicuy cb.m o JY ail Eui:‘ Gh.w gL Jolas
Reasoning at the level of categories Interaction at the level of the objects
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Reification of categories into objects

L gaae LIS 4o

Predicates

Apples

Apple(z)
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An object is a member of a category

MemberO f( BBy, Basketballs)
| 500 g SOl adds ) SO diws SO
A category is a subclass of another category

SubsetO f(Basketballs, Balls)
.JJ)|J Cawno gua> 6&‘&43 Wwd SO LSL@}.@_C SR
All members of a category have some properties

Vax(MemberO f(xz, Basketballs) = Round(x))
All members of a category can be recognized by some properties

Vax(Orange(x)\Round(x)A\Diameter(z) = 9.5inAMemberO f(x, Balls)

= MemberO f(x, BasketBalls))

3,18 Caoguar colaws IS SO laie 4 ais SO
A category as a whole has some properties

MemberO f(Dogs, DomesticatedSpecies)
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Disjoint

Two or more categories are disjoint if they have no members in common:

Disjoint(s) <
(Ver,co ¢ € s Ay € s Acl # 2 = Intersection(cl, c2) = {})

Example: Disjoint({Animals, Vegetables})
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Exhaustive Decomposition

A set of categories s constitutes an exhaustive decomposition of a category
c if all members of the set ¢ are covered by categories in s:

Exhaustive Decomposition(s,c) < (Vi 1 €c< dey o € SN T E ¢3)

Example:

FExhaustive Decomposition({ Americans, Canadian, M exicans}, NorthAmericans).
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Fartition

A partition is a disjoint exhaustive decomposition:
Partition(s, ¢) < Disjoint(s) A Exhaustive Decomposition(s, c)
Example: Partition({Males, Females}, Persons).

Example: Is ({ Americans, Canadian, Mexicans}, NorthAmericans) a
partition? — No! There might be dual citizenships.
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Categories can be defined by providing necessary and sufficient conditions
for membership

Vax Bachelor(z) < Male(x) N Adult(x) A Unmarried(x)
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Natural Kind

céﬁi}ﬁi(gm(ﬁ}?cgmhj&

PRS0 B AT (o8 55 O 9o 43 | (b sladd g
Example: Tomatoes: sometimes green, red, yellow, black. Mostly round

One solution: subclass using category T'ypical(T'omatoes).

Typical(c) C ¢

Ve x € Typical(Tomatoes) = Red(x) A Spherical(z).

il Gty 3a30 slacas yas Sl G gas el o5 Ladiua o) g0 Hu | (saude slacadly ol o5 oo
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Physical Composition

One object may be part of another:

PartO f(Bucharest, Romania)
PartO f(Romania, EasternEurope)
PartO f(FEasternEurope, Europe)

13 g o oty ol (LK1 ,3 PartOf gabasl o5
PartO f(Bucharest, Europe)
PartOf gaasl; 5,513 5 o656 ool s
Vr PartOf(z,x)
Va,y,z PartOf(x,y) A PartOf(y,z) = PartOf(x, z)
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E.g. Biped(a) = L 50 3sa g0 : JLis

(31, 15,0)(Leg(ly) A Leg(ly) A Body(b) N
PartOf(ly,a) N PartOf(ly,a) A PartOf(b,a) N
Attached(ly,b) A\ Attached(ly, b) N

L # 1y A (V) (Leg(ly) = (Is = 1, VI3 = 1))
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col sud S a3 b X gaen 3 &€ S yet i S BunchOf( X) &b
BunchOf

BunchO f(X): a composite object consisting of all X's
BunchO f({ Appley, Apples, Apples})
BunchOf({z}) ==z

: PartOf sdssly e s BunchOf Cau yas

Ve x € s = PartO f(x, BunchO f(s))
S oo La I 1y ) by «S el fws cp 58a S BunchOf(s)

VylVo x € s = PartOf(x,y)] = PartOf(BunchOf(s),y)
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LOGICAL MINIMIZATION
c 1 & S:‘ d:“)’:‘ al S ‘SJLUJ *~‘$4
S o Lol poddio by & S (s hun (R PSS Olsie 4 Logical Minimization
JUe

i o Liasl 1y o) by oS el S o 58 < BunchOf(s)

YylVr x € s = PartOf(x,y)| = PartOf(BunchOf(s),y)
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Measure Objects

e Combine unit functions with a number: g oo S 3 sae S Lol b ol sl
Length(L,) = Inches(1.5) = Centimeters(3.81).

e Conversion between units: tlaaal g G a6l
Vi Centimeters(2.54 x i) = Inches(1).
Ceol sy ¢ olud Jie s las (scale) Luliie clashlasl A 5

caviwa (Orderable) yaisdas j Lasslas) oS el Gl 4SL C s (goae 5uulBa (Laslasl gaia (s Sage
loaolss (g8 (b (a8ly 330 wlael 4 ol by
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QUALITATIVE PHYSICS

Qualitative Physics
29 Ol ee G S WS g iy 50 € oo shume (higa Sl e s 5 S
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SUBSTANCES AND OBJECTS

5 S ke a5 gl

oS yo sl (Sil53) (3l (shacd
Composite Objects Primitive Objects (Particles)
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Extrinsic Properties Intrinsic Properties
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STUFF AND THING

Prepared by Kazim Fouladi | Fall 2023 | 4t Edition (a)

—

G9s Crnnal Ll (s (3 o0 5ae oo {9 LA 5 ga (g ius (43 )5 0 g0
oot cuwslA s 8 S el e SIS coslA o o S

e eism s GAY LS
Mass Noun (Substance) Count Noun
138 (aT iyl o S La) 5 gldub 138 (T iyl o S Lal 5 ik
Lolaagay SIS el sa olaagay e palsa
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x € Butter A PartOf(y,x) = y € Butter

x € Butter = MeltingPoint(x, Centigrade(30))
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SITUATION CALCULUS

C_\:u.éguLu.;

Situation Calculus
FOL Lo o583 658 5 (2ldb 6l 215
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Situation
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SITUATION CALCULUS
Situation calculus: S § wlwa
e Actions are logical terms Situation Calculus
e Situations are logical terms consiting of La s
onie T e o Acti
— The initial situation I (.Sp) R
L : . ibhie olaa ,3
— All situations resulting from the action on [ e
(= Result(a, s)) Laluas
) ] Situations
e Fluents are functions and predicates that vary e s
from one situation to the next. e
E.g. ~Holding(G1, Sp) Ladbuw
Fluents

e Atemporal (Eternal) predicates are also al-
lowed

E.g. Gold(G4), LeftLegO f(Wumpus) ($) 890 18 gl 98 9 Lad gane ‘

GRS 4 s 9 S 5 ite glad sense 5 Lagls

Atemporal (Eternal) Predicates

s2liomss al 65 g e sene
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SITUATION CALCULUS

s e craad (galydl gla RS b 53 Lo i€ 5l s S Jusla

Result(]],s) = s

Result(la | seq|,s) = Result(seq, Result(a,s))

[<¥/ 5/@/ /
8 8 |

sRoT s
Planning Task

oolbe SIS 4 b gl Lagias 5l gldlos adly
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Projection Task
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SITUATION CALCULUS
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SIS
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T~
S
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Laasl sboa 1 Jbs
\\
SN
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T~
\\ \l, \Q
+ @
\\
Q- &
~—
\ \
Result(Turn(Right),
Result(Forward ,S,))
\
Turn(Right)
~

Result(Forward, S,)

Forward
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SITUATION CALCULUS
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Possibility Axiom
el (Ko (RS alad) Sl 4

At(Agent, z, s) \ Adjacent(z,y) = Poss(Go(x,y), s)

Effect Axiom

oS alasl 51 Gy 2l ds Ban

Poss(Go(z,y),s) = At(Agent,y, Result(Go(z,y), s))

1ile g0 QLS (ala3an 4 339550 Lol eS8 il (A Gan 4 2390 55T ¢ 3l 5o ol e
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FRAME PROBLEM

olS gadiwe

Frame Problem

WS lasb 1 wlswile (BU i3 (50 S plade et OIS0 S 5S5

IJA&‘J&S:ﬁ

QS £ g0 90 ol

Frame Axiom

At(o,x,8) N\ (0 # Agent) N ~Holding(o, s) = At(o,x, Result(Go(y, z), s))

il a3 3 caws o Jele assT Fe ams cod 51, S o sl plo le oS > Jle ol
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EVENT CALCULUS
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T(f,t)

Happens(e, 1)
Initiates(e, f,t)
Terminates(e, f,t)
Clipped (f, i)
Restored (f,1)

Event Calculus

Fluent f is true at time ¢

Event e happens over the time interval ¢

Event e causes fluent f to start to hold at time ¢

Event e causes fluent f to cease to hold at time ¢

Fluent f ceases to be true at some point during time interval ¢
Fluent f becomes true sometime during time interval ;
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Event Calculus Axiom

T(f, t2) & Jde, tHappens(e,t) A Initiates(e, f,t) A (t < t3)
A =Clipped(f,t,t,)

Clipped(f,t,to) < de,tiHappens(e,t1) A Terminates(e, f,t1)
/\(t < t1> % (t1 < tg)
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GENERALIZED EVENT
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Generalized Event
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GENERALIZED EVENT

R\ Prepared by Kazim Fouladi | Fall 2023 | 4t Edition (a)

o
&

SubEvent(BattleO f Britain, WorldWarll)
SubFEvent(WorldWarl I, TwentiethCentury)

Period(e) denotes the smallest interval enclosing an event e.
Intervals — chunks of space-time that include all space between two points

Duration(e) denotes the length of time of an interval, e.
Location(e) denotes the smallest place enclosing an event e.

In(el, e2) denotes PartO f relationship of the spatial projection of an event.

Duration(Period(WorldWarll)) > Years(5)
In(Sydney, Australia)

Jww € CivilWarsA\ SubEvent(w, 1640s)A In(Location(w), England)
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GENERALIZED EVENT

time

Australia

WorldWarll
TwentiethCentury
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CATEGORY OF EVENTS

(S5 3l 55 S ) Lashas g5 3 de e S b JlliSe (gla 2iS Laalas g ) (sadans
Category of Events

Actions like Go([1,1],1,2]) denote a category of events and not single
events; Goto(y), GoFrom(x)

E(c,1) :laslas s, cladius gl o 5345 S

E(c,i) & de e e ASubEvent(e, i)
E(Fly(Shankar, NewY ork, NewDelhi),Y esterday)
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PROCESSES

L 3

(Gs) b Wl
Processes

p el AT 48 Gled (i ) (s gude (o] 18 SO Sl eslu ) A
E(Flying(Shankar),Y esterday)
105k SO0 Ol BBl Bl 05k Sy sl e 5o a1 S € S O S e
T(c,i) < E(c, i)\ “the Event occurred throughout the whole interval i"

T(Working(Stuart), Today LunchH our)
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PROCESSES
(dusasS (sLaslas g) Laakas g (&b slanlu g ) Lauas 3
Events (Discrete Events) Processes (Liquid Events)

(s2bes ;29 ) 9>
Spatial Substances Temporal Substances
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FLUENT CALCULUS

Jbw ol
Fluent Calculus

(sodio sladbw G) Ladlw S S 4 Sdd oo

Both(ey, e5): the event of two things happening at once (e; o e)

970 ealol Glojam 5 95 o0 oy i3 Syt Jlie
dp, 1 (p € People) N'T(Walk(p) o ChewGum(p), 1)

“o" function is commutative and associative.
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COMPLEEX EVENT
- 1 > - ( > - 1 >
P ] N N |
q ] ] [ [
(a) (b) (c)

(a) T(Both(p, q).i) or T'(p o q,1)

(b) T(OneOf(p,q),7)
(c) T(Either(p,q),1)
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TIME INTERVALS
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Partition({ Moments, ExtendedIntervals}, Intervals)

i € Moments < Duration(i) = Seconds(0)

Start(v), End(z) denote the start and end moments of an interval ¢;
Interval(i) = Duration(i) = (Time(End(i)) — Time(Start(i)))
Time scale: such as Seconds(s)

Time(Start(AD2001)) = Date(0,0,0,1, Jan, 2001)
Date(0,20,21, 24, 1,1995) = Seconds(3000000000)

using these constructs one can define the functions Meet(i, 7), Before(i, j),
Overlap(i, j), - ..
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PREDICATES ON TIME INTERVALS

Meet(i.j)

Before(i.))
After(i,))

During(i.j)

Overlap(ij)
Overlap(ij)

bl slas sl s 5, lad oo
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PREDICATES ON TIME INTERVALS

Meet (i, j)
Before(t, )
After(j,1)
During(i, j)
OQuverlap (i, j)
Begins(i, j)
Finishes (i, j)
Fquals(z, 7)

(N O

bl slas sl s 5, lad oo

End(i) = Begin(j)

End(7) < Begin(j)

Before(i, j)

Begin(j) < Begin(i) < End(i) < End(j)

Begin(t) < Begin(j) < End(i) < End(j)
Begin(i) = Begin(j)

End(i) = End(j)

Begin(i) = Begin(j) N\ End(i) = End(j)
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PHYSICAL OBJECT

Oles—liad 5l (ghes (S (e
(S0 o Bdlaprand s S Glsie 4 Sleipn (S0ud (k) Physical Objects

e.g., USA can be thought of as an event.

We can describe changing properties of U S A using state fluents:
E(Ppopulation(US A, 271000000), AD1999)

President(USA) denotes a single object that consists of different people

at different times:
T(President(USA) = GeorgeWashington, AD1790)

= is a function symbol,
logical = is not something that can change over time.
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Mental Event Mental Object

JSSL;A(SJLS&MJ|J&A3(§L:\_&‘4S(5A:\:\TJS .JJ‘JJJ.}J&LC(KB)JAAJJ‘L‘%:AT

a3 il g Ladele G bl g,
believes, knows, wants, ...

Believes(Lois, Flies(Superman))
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KNOWLEDGE AND BELIEF

Knowledge is justified true belief A2 9o Cawya y 9l = bils
Knows(a, p): agent a knows that proposition p is true.

KnowsWhether:  LTas wils o
KnowsW hether(a,p) < Knows(a,p)V Knows(a, “—p“)

Knows(a, s) = Believes(a, s)

KnowsWhat: 45 Wilo o0
KnowsW hat(a, “PhoneNumber(b) ") <
dr Knows(a, “x = PhoneNumber(b)“) A x € DigitStrings
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KNOWLEDGE, TIME, AND ACTION

(g0 2033 ola) s o (Ladsle i ) dale S (1

O B PR D KW
=2bls o oles (laias (laslas 55 890 s JYSEwl S 3

T(Believes(Lois, “Flies(Superman)®), Today)
T'(Believes(Lots, “T'(Flies(Superman), Y esterday) ", Today))
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SEMANTIC NETWORKS

Inst(Block2, Block)
Color(Block2, Red)
Supported By(Block2, Block])
Inst(Blockl, Block)
Color(Blockl, Yellow)
SupportedBy(Blockl, Tablel)
Inst(Tablel, Table)

Color Supported-By

Js) 4350 Bl

Block1

Supported-By

-~




Prepared by Kazim Fouladi | Fall 2023 | 4t Edition (a)

OA

2l sladsad

.~

JBs

SEMANTIC NETWORKS

SubsetOf
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Link Type Semantic Example
A2t g | 4ACB Cats C Mammals
A Member Bl Ac B Tuna € Cats
A—" B R(A,B) Tuna —2%—12
AB Ve v € A= R(z,B) Birds — el o

Bz'r dS Parent N B’l/’" dS

A———D

Ve dy x € A=y € BA R(z,y)
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property-link _
Do animals

can
property-inheritance-lin} @ @ have legs?
isa

isa
amoeba
as-part
\part/” higher ;
has What is
an elephant?
isa :
Which things >
: attern color
have stripes? P @ @

@ inst inst

Can Clyde move*
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Marvin Minsky (1975)
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FRAMES

Inst(Block2, Block)
Color(Block2, Red)
SupportedBy(Block2, Blockl)
Inst(Blockl, Block)
Color(Blockl, Yellow)
SupportedBy(Blockl, Tablel)
Inst(Tablel, Table)

Jol 43 e 3laie

Block1

Frame Attribute (slots) Werte (fillers)
block-2 : inst: block |
color : red |
supported-by : block-1 |
Frame Attribute (slots) Werte (fillers)
block-1: inst: block |
color : yellow |
supported-by : table-1 |
Frame Attribute (slots) Werte (fillers)
table-1: inst: table |
color : \
supported-by : |
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FRAME-BASED KB vs. FOL

Animals

Ave: ] T
[Flies ] F

& S
(%) <
Q 9,
(00 \9&

Birds Mammals
Legs: | 2
4
T
ﬁ ﬁ S%Se;
@ @
Penguins Cats Bats
F 2
T
[0} [} o)
= = s
Opus Bill Pat
Name: Opus Name: Bill Name: Pat
Friend: ——+}»| Friend:

.

(a) A frame-based knowledge base

Rel(Alive,Animals,T)
Rel(Flies,Animals,F)

Birds C Animals
Mammals C Animals

Rel(Flies,Birds,T)
Rel(Legs,Birds,2)
Rel(Legs,Mammals,4)

Penguins C Birds
Cats C Mammals
Bats C Mammals
Rel(Flies,Penguins,F)
Rel(Legs,Bats,2)
Rel(Flies,Bats,T)

Opus € Penguins

Bill € Cats

Pat € Bats
Name(Opus,"Opus")
Name(Bill,"Bill")

Friend(Opus,Bill)
Friend(Bill,Opus)
Name(Pat,"Pat")

(b) Translation into first-order logic
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INHERITANCE IN SEMANTIC NETS AND FRAMES
object property value
_ @ mammal ; isa: | vertebrate |
mobility reproduction : |_livebearing |
vertebrate has : | head, legs |
isa
as
object property value
has elephant: isa: | mammal |
live- eproduction color : %rev |
bearing > :
isa has : proboscis |
) color size : big |
o Size @ habitat : | Boden |
elephant
habitat O Vit has object property value
“Tdnst :

@ / ! oroboscis Clyde : inst : |_elephant |
color : }=grey |
has : proboscis |
size : |_big |
habitat : |_ground |
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DESCRIPTION LOGIC

Concept — Thing | ConceptName
| And(Concept,...)
| All(RoleName, Concept)
| AtLeast(Integer, RoleName)
| AtMost(Integer, RoleName)
| Fills(RoleName, IndividualName, . . .)
| SameAs(Path, Path)
| OneOf(IndividualName, . ..)
Path — |RoleName,...]

The syntax of descriptions in a subset of the CLASSIC language.

Bachelor = And(Unmarried, Adult, Male) .
The equivalent in first-order logic would be
Bachelor(x) < Unmarried(x) A Adult(x) A Male(x) .
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DESCRIPTION LOGIC

Notice that the

description logic has an an algebra of operations on predicates,

which of

course we can’t do 1n first-order logic. Any description in CLASSIC can be translated into an
equivalent first-order sentence, but some descriptions are more straightforward in CLASSIC.

For example, to describe the set of men with at least three sons who are all unemployed
and married to doctors, and at most two daughters who are all professors in physics or math
departments, we would use

And(Man, AtLeast(3, Son), AtMost(2, Daughter),
All(Son, And( Unemployed, Married, All(Spouse, Doctor))),
All(Daughter, And( Professor, Fills( Department, Physics, Math)))) .
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REASONING WITH DEFAULT INFORMATION

" The following courses are offered: CS5101, C5102, CS106, EE101”

How many courses are offered?

e Four (db)

— Assume that this information is complete (not asserted ground atomic

sentences are false)
= CLOSED WORLD ASSUMPTION (CWA)

— Assume that distinct names refer to distinct objects

= UNIQUE NAMES ASSUMPTION (UNA)
e Between one and infinity (logic) = OPEN WORLD ASSUMPTION (OWA)

— Does not make these assumptions (CWA, UNA)

— Requires completion.
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TRUTH MAINTENANCE SYSTEMS (TMS)

Many of the inferences have default status rather than being absolutely cer-
tain
— Inferred facts can be wrong and need to be retracted
— BELIEF REVISION.
— Assume K B contains sentence P and we want to execute TELL(K B, —P)
e To avoid contradiction: RETRACT(K B, P)
e But what about sentences inferred from P?

Truth maintenance systems are designed to handle these complications.
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THE INTERNET SHOPPING WORLD

A Knowledge Engineering example

An agent that helps a buyer to find product offers on the internet.
IN = product description (precise or —precise)
OUT = list of webpages that offer the product for sale.

Environment = WWW

Percepts = web pages (character strings)
Extracting useful information required.




Vo

S 313 5L

THE INTERNET SHOPPING WORLD

Find relevant product offers

RelevantO f fer(page, url, query) <
Relevant(page, url, query) N\ O f fer(page)

e \Write axioms to define Of fer(x)

e Find relevant pages: Relevant(x,y,z) ?
— Start from an initial set of stores.
— What is a relevant category?
— What are relevant connected pages?

e Require rich category vocabulary.
— Synonymy and ambiguity

e How to retrieve pages: GetPage(url)?
— Procedural attachment

Compare offers (information extraction).
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Stuart Russell and Peter Norvig,

Artificial Intelligence: A Modern Approach,

4th Edition, Prentice Hall, 2020.

Chapter 10

—

EETEE 10

Ontological
ENgNEEring

Upper ontology

KNOWLEDGE REPRESENTATION

In which we show how to represent diverse facts about the real world in a form that can be
used to reason and solve problems.

The previous chapters showed how an agent with a knowledge base can make inferences
that enable it to act appropriately. In this chapter we address the question of what content
to put into such an agent’s knowledge base—how to represent facts about the world. We
will use first-order logic as the representation language, but later chapters will introduce dif-
ferent representation formalisms such as hierarchical task networks for reasoning about plans
(Chapter 11), Bayesian networks for reasoning with uncertainty (Chapter 13), Markov models
for reasoning over time (Chapter 17). and deep neural networks for reasoning about images,
sounds, and other data (Chapter 21). But no matter what representation you use, the facts
about the world still need to be handled, and this chapter gives you a feeling for the issues.

Section 10.1 introduces the idea of a general ontology, which organizes everything in
the world into a hierarchy of categories. Section 10.2 covers the basic categories of objects.
substances, and measures; Section 10.3 covers events; and Section 10.4 discusses knowledge
about beliefs. We then return to consider the technology for reasoning with this content:
Section 10.5 discusses reasoning systems designed for efficient inference with categories.
and Section 10.6 discusses reasoning with default information.

10.1 Ontological Engineering

In “toy” domains, the choice of representation is not that important; many choices will work.
Complex domains such as shopping on the Internet or driving a car in traffic require more
general and flexible representations. This chapter shows how to creale these representations,
concentrating on general concepts—such as Events, Time, Physical Objects, and Beliefs—
that occur in many different domains. Representing these abstract concepts is sometimes
called ontological engineering.

We cannot hope to represent everyihing in the world, even a 1000-page textbook, but
we will leave placeholders where new knowledge for any domain can fit in. For example,
we will define what it means to be a physical object, and the details of different types of
objects—robots, televisions, books, or whatever—can be filled in later. This is analogous to
the way that designers of an object-oriented programming framework (such as the Java Swing
graphical framework) define general concepts like Window, expecting users to use these to
define more specific concepts like SpreadsheetWindow. The general framework of concepts
is called an upper ontology because of the convention of drawing graphs with the general
concepts at the top and the more specific concepts below them, as in Figure 10.1.




