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KBS

Knowledge-Based Systems

Example: Diagnosis systems

Problems:

Acquisition
Representation
Recovery
Usage (ex. inferences)

Trade-off: expressivity vs. efficiency
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AI

AI – Can machines think?

Can machines fly?

airplane, helicopter

Can machines swim?

ship?ship? submarine?submarine?

To think: effect or process?
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AI

What is to act intelligently?

“Strong AI” Ö“Weak AI”

Searl - Chinese room

Lack of knowledge ÖLack of usage (inference)

Turing (1950): instead of asking whether machines can
“think”, ask whether they can “pass behavioral test”
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AI

Turing Test

System passes the test if it manages to deceive an examiner.

Examiner and examined interact through keyboard.

Examiner has to find out whether examinee is human or a
system.
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AI

Skills involved

Natural Language Processing.

Knowledge Representation.

Automated Reasoning.

Machine Learning.
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Commonsense

Commonsense Reasoning

Lisa took the newspaper in the living room and walked to the
kitchen. Where is the newspaper?

Marta left the book on the kitchen table and went to her
room. When she got back, the book was not there. What
happened?

William closed the kitchen sink, opened the tap and came to
the class. What happened?

Sam pressed the ON key of the TV remote control. What
happened?

A famished cat sees food on the table. The cat jumps to the
table. What will it do?
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Commonsense

Commonsense

Two important aspects:

Representation: In order to apply reasoning to the examples,
we need representations which we can manipulate.

Reasoning: Once we have the representation, we want to infer
things which are implicitly represented.
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Ontologies in KBS

Why ontologies in KBS?

Data from multiple sources (ex.: patient history, lab tests,
clinical examination).

How do we find data?

If we do find, how do we interpret stored data? (ex.:
medication in use)

How to integrate and use the data?
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Ontologies in KBS

Recovery

Breast tumor (20)
Breast malignant neoplasm (25)

Breast carcinoma (25)

Annotations about the three concepts above.

Without ontology, search for “breast tumor” returns 20
documents.

With ontology, search returns 70 documents.
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Ontologies in KBS

Integration

If each group uses its own models, how do we join information?

Same name for different concepts
ex.: Patient (internal or any)

Different names for the same concepts
ex.: Tumor and Neoplasm

Renata Wassermann Knowledge Representation and Description Logic Part 1 11 / 47



Motivation What is KR? History First-Order Logic

What is Knowledge?

“John knows that ... ”

the ’...’ are replaced by a proposition

proposition can be true/false

Other types of knowledge:

know how, know who, know what, know when, ...

sensorimotor: riding a bike

affective: deep understanding

Note: No distinction between knowledge and belief
Main idea: take world to be one way and not another

Renata Wassermann Knowledge Representation and Description Logic Part 1 12 / 47



Motivation What is KR? History First-Order Logic

What is KR?

Representation: Symbols stand for things in the world.

Knowledge representation:

symbolic encoding of believed propositions
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What is reasoning?

Manipulation of symbols that encode propositions to produce
representations of new propositions.

Analogy with arithmetic (“1011”+“10”=“1101”).
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Why do we need KR?

For systems that are reasonably complex it is often useful to
describe that system in terms of beliefs, goals, fears and intentions.

e.g., chess-playing program “because program believed that
its queen was in danger but still wanted to control the center
of chess board”

sometimes more useful than describing actual technique:
“because evaluation using minimax procedure returned value
of 7 for this position”

Intentional stance (Daniel Dennet)
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KR Hypothesis

Any mechanically embodied intelligent process will be
comprised of structural ingredients that (a) we as
external observers naturally take to represent a
propositional account of the knowledge that the overall
process exhibits, and (b) independent of such external
semantic attribution, play a formal but causal and
essential role in engendering the behaviour that manifests
that knowledge.

(Brian Smith, 1982)
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KR Hypothesis

In other words, existence of structures that

can be interpreted propositionally

determine how the system behaves

Knowledge-based system: a system designed in accordance with
these principles
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Example (Brachman & Levesque)

printColour(snow) :- !, write("It’s white.").

printColour(grass) :- !, write("It’s green.").

printColour(sky) :- !, write("It’s yellow.").

printColour(X) :- write("Beats me.").
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Example (Brachman & Levesque)

printColour(X) :- colour(X,Y), !,

write("It’s "), write(Y), write(".").

printColour(X) :- write("Beats me.").

colour(snow,white).

colour(sky,yellow).

colour(vegetation,green).

colour(X,Y) :- madeof(X,Z), colour(Z,Y).

madeof(grass,vegetation).
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Example (Brachman & Levesque)

printColour(X) :- colour(X,Y), !,

write("It’s "), write(Y), write(".").

printColour(X) :- write("Beats me.").

colour(snow,white).

colour(sky,yellow).

colour(vegetation,green).

colour(X,Y) :- madeof(X,Z), colour(Z,Y).

madeof(grass,vegetation).

madeof(field,grass).
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The beginning

“Programs with Common Sense”
John McCarthy, 1958

“probably the first paper on logical AI, i.e. AI in which
logic is the method of representing information in
computer memory and not just the subject matter of the
program..”
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Advice Taker (McCarthy & Minksy)

Proposal: solve problems through formal manipulation of the
symbols.

Program behaviour improves with the addition of knowledge.

Knowledge input is independent of knowing how the program
works.
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DENDRAL (Buchanan, Feigenbaum & Lederberg) ∼ 1965

First “expert system”

Goal: finding out the structure of organic molecules.

Data from spectrometers.

Used inductive learning! (analyzing known molecules and
generating rules)

Knowledge about chemistry reduced the possible
combinations.
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MYCIN (Shortliffe & Buchanan) ∼ 1975

Identification of bacteria and antibiotics suggestions.

Around 600 rules.

Simple inference mechanism.

Use of probabilities.

Series of questions leading to diagnosis.
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MYCIN

Example of a rule:

IF: 1) The stain of the organism is gram positive, and

2) The morphology of the organism is coccus, and

3) The growth conformation of the organism is chains

THEN: There is suggestive evidence (.7) that the identity

of the organism is streptococcus
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MYCIN

Correct diagnosis in 69% of the cases.

Better than many infectologists evaluated in Stanford.

However, not used in practice for two main reasons:

Ethics.
Typical session took ≥ 30 minutes.
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Ontological Knowledge

Sowa: KR = Logic + Ontology + Computation

Logic: Formal structure + inference rules

Ontology: defines the kinds of things that exist in the
application domain.

Computation: Distinguishes from philosophy...
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The Näıve Physics Manifesto (Hayes, 1978, 1983)

I propose the construction of a
formalization of a sizable portion of
common-sense knowledge about the
everyday physical world: about objects,
shape, space, movement, substances (solids
and liquids), time, etc.
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The Näıve Physics Manifesto (Hayes, 1978, 1983)

Proposal: develop a formal theory encompassing all of näıve
Physics.

Knowledge expressed in declarative form.

Theory organized in clusters of concepts and axioms.

Escaping from AI toy examples.
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CYC

Started in 1984, by Doug Lenat

Goal: formalize necessary knowledge for commonsense
reasoning.

Still ongoing...

Originated a company, Cycorp, in 1994

Open CYC

Renata Wassermann Knowledge Representation and Description Logic Part 1 30 / 47



Motivation What is KR? History First-Order Logic

CYC

Idea: formalize microworlds

Difficulty: many people involved, inconsistencies

Usage in not trivial
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International Symposium on Logical Formalizations of
Commonsense Reasoning

Since 1991 (John McCarthy)

Challenge (1998): how to crack an egg.

Four solutions.

At least two journal publications.
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A formalization

Leora Morgenstern, “Mid-sized axiomatizations of
commonsense problems: A case study in egg cracking”,
Studia Logica, 2001.

Axioms
1 Objects may be solid or liquid.
2 Objects may be either soft or rigid, fragile, hard to break or

unbreakable.
...

36 If the capacity of the destination container is not sufficient to
hold the liquid object, an overflow will ensue. ...
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66 axioms.

First-order logic and circumscription.

Theorems:
1 If a liquid object is poured from one open container to a

second open container and the available capacity of the
receiving open container is larger than the volume of the liquid
object, the receiving container will contain the liquid object at
the end of the pouring action.
...
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Why logic for KR?

Well defined and unambiguous syntax;

Clear semantics;

Automated reasoning.
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First Order Logic – Syntax

Logical Symbols

Boolean connectives: ∧, ∨, ¬, →
Quantifiers: ∀, ∃
Equality: =

Variables: x , y , z , x1, ...

Non-logical Symbols

Predicate symbols (like Student, isOlderThan)

Function symbols (father, sum)

Constants: functions of arity 0 (john, zero)
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First Order Logic – Syntax

Terms

variables

f (t1, ..., tn)

Atomic Formulas

P(t1, ..., tn)

t1 = t2

Well-formed formulas

Atomic

α ∨ β, α ∧ β, ¬α, ∀v(α), ∃v(α)
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Example: Natural Numbers

Constant: 0

Unary function: S (successor)

Peano Axioms

NatNum(0)

∀n (NatNum(n) → NatNum(S(n)))

NatNum: 0, S(0), S(S(0)), S(S(S(0))), ...
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Example: Natural Numbers

Restriction on the successor function:

∀n ¬(0=S(n))

∀m ∀n (NatNum(m) ∧ NatNum(n) ∧ ¬(m=n)→
¬(S(m)=S(n)))

Sum:

∀m (NatNum(m) → +(m,0)=m)

∀m ∀n (NatNum(m) ∧ NatNum(n) →
+(m,S(n))=S(+(m,n)))
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Example: Natural Numbers

Restriction on the successor function:

∀n ¬(0=S(n))

∀m ∀n (NatNum(m) ∧ NatNum(n) ∧ ¬(m=n)→
¬(S(m)=S(n)))

Sum (infix):

∀m NatNum(m) → m+0=m

∀m ∀n (NatNum(m) ∧ NatNum(n) → m+S(n)=S(m+n))
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First Order Logic – Semantics

How do we interpret sentences in FOL?

When is a sentence true?

Non-logical symbols can be arbitrary.

Their interpretation must be specified!
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First Order Logic – Semantics

Interpretations: I = 〈D, I 〉

D: Domain of discourse (any non-empty set)
I : Mapping function

I (P) ⊆ Dn

I (f ) ∈ [Dn ↪→ D]

I (c) ∈ D
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First Order Logic – Semantics

Terms denote objects in the domain.

Variable assignment: σ: Var ↪→ D

||v ||I,σ = σ(v)

||f (t1, t2, ...tn)||I,σ = I (f )(||t1||I,σ, ||t2||I,σ, ..., ||tn||I,σ)
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First Order Logic – Semantics

Formulas are true or false with respect to an interpretation and
variable assignment.

I, σ |= α
I, σ |= A (for all α ∈ A)

I |= α (for all σ)

|= α (for all I)
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First Order Logic – Semantics

I, σ |= P(t1, t2, ..., tn) iff 〈||t1||I,σ, ||t2||I,σ, ..., ||tn||I,σ〉 ∈ I (P)

I, σ |= α ∨ β iff I, σ |= α or I, σ |= β

I, σ |= ¬α iff I, σ 6|= α

I, σ |= ∀xα iff for all d ∈ D, I, σ[x ← d ] |= α
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First Order Logic – Entailment

S |= α iff

For every I, if I |= S , then I |= α

S entails α or α is a logical consequence of S.

How to infer mammal(Lulu) from dog(Lulu)?

D = {d} and I (Lulu) = d , I (mammal) = {}, I (dog) = {d}.
According to this interpretation, Lulu is the name of the dog
d and it is not mammal.
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Avoiding Unintended Interpretations

We want to grant the semantic relation
I (dog) ⊆ I (mammal)

We do that by adding formulas ( syntactical objects ):
∀x(dog(x)→ mammal(x))
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