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The knowledge representation problem

Introduction

The Knowledge Representation problem, stated informally, is;: How can we
represent knowledge in such a way that a machine can do something useful
with it?

Before answering this question, we have to consider the question: What is
knowledge? There are (at least) four kinds of knowledge we will be
interested in:

Specific knowledge, i.e. knowledge about specific things (in the form of
propositions). For example:
My car is red.
Janet has a book.
General knowledge, i.e. generalizations. For example:
Every human has a mother.
All ltalians eat spaghetti.
Procedural knowledge, i.e. knowledge about "how to". For example:
To make a cup of tea, first find a cup and some tea. Then, ...
Meta-knowledge, i.e. knowledge about knowledge. For example:
Travel agents know about airline timetables.

"Knowledge" would be better referred to as belief. It is possible to "know"
something which is false. Refining this: "knowledge" in our sense is
usuvally belief supported by evidence of some kind (e.g. the chain of
reasoning from other facts which led to it).

The use of knowledge in “"intelligent” programs

Almost any Al program has knowledge of some kind -- some people would
go so far as to define artificial intelligence like this.

Expert systems embody knowledge about some specialized domain. For
example, the MYCIN system (1976) is intended to assist with the diagnosis
and treatment of blood infections. MYCIN assists a physician who is not a
specialist in antibiotics and blood infections to select a therapy based on
what it can infer from tests, etc.



The knowledge representation problem
Ingredients of a knowledge base:

- A representation language for expressing the knowledge

- An inference regime for deducing things which are implicit in the
knowledge -- generally, there are infinitely many useful implicit
consequences of the explicit knowledge

- Some knowledge

Simultaneously producing good candidates for all three of these is the
central problem.

Desirable properties:

- Expressive adequacy: it should be possible to express everything we
need to express.
- Reasoning efficiency: inference should not be intolerably slow.

These are mutually antagonistic goals, unfortunately, so this is a difficuilt
tradeoff.

History

Aristotle mentioned logic. But Leibniz (1646-1716) was the first to talk
about a calculus for representing and manipulating ideas in an
unambiguous way just as numbers can be represented and manipulated.

Turn of the century: Frege, Russell, Peano invented symbolic logic.

More recently, philosophers and others have discussed different kinds of
logic for expressing different kinds of information.

First-order logic

First-order logic is one of the most popular knowledge representation
formalisms. Here are some examples of specific and general knowledge
encoded in first-order logic:

My car is red.
red (GSX638T)
Janet has a book.
Jb.(book(b) A has(Janet,b))
Every human has a mother.
Vh.(human(h) = 3m.mother(m,h))
All ltalians eat spaghetti.
vh.(Italian(h) = eat(h,spaghetti))




Inference rules can be used to infer new facts from known facts. Here are
two examples:

vx.P(x)
P(a)

P=Q P

Q

So if we know "All Iltalians eat spaghetti" and "Luigi is an [talian" we can
infer "Luigi eats spaghetti™:

vh.(ltalian(h) = eat(h,spaghetti))

Italian(Luigi) = eat(Luigi,spaghetti) ftalian{Luigi)

eat(Luigi,spaghetti)

Some problems

Meta-knowledge:
The problem is that predicate calculus is for talking about things
(people, objects) and a fact is not a thing. For example, consider the
problem of expressing "Pat knows the combination of that safe”.
Suppose the combination is 42-25-17; knows(Pat,42-25-17) is not good
enough, because if the combination of some safe in Abu Dhabi is also
42-25-17 we cannot infer that Pat knows its combination as well.

Almost-universal facts:
Birds can fly (except penguins), all humans have mothers (except Adam
and Eve), if | throw something in the air it will fall back to the ground
(unless it is hit by lightning, is caught by a bird, etc.). The fact that
almost nothing is really universally true causes problems because we
don't want to qualify every almost-universal fact with all its rare
exceptions.

Procedural knowledge
Events which change the world:
These are particularly hard to represent when the change is continuous

(e.g tree growing) rather than instantaneous.

Probabilistic knowledge (like in MYCIN)



Summary

It is important for "intelligent®™ programs (expert systems, language
understanding systems, etc.) to be able to express knowledge about the
world in some explicit symbolic way so that inferences can be drawn from
it without too much work.

There is a range of problems which make this difficult because the kinds
of things to be represented are so varied.

There are several competing methods, each of which is good for certain
kinds of knowledge and certain kinds of inference. We will examine three
main approaches in this course.

There is no known universally "best” method -- this is probably the central
problem of Al.
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Generic RESTAURANT Frame

Speciatization-of:

Types:
range: (Cafeteris, Seat-Yourself, Wait-To-Be-Seated)
default: Weit-to-be-Seated
if-needed: IF plestic-orange-counter THEN Fast-Food,
IF stack-of-trays THEN Cafeteria,
IF wait-for-waitress-sign or reservations-made
THEN Weit-To-Be-Seated,
OTHERWISE Seat-Yourse!f.
Location:
range: an ADDRESS
if-needed: (Look at the MENU)
Name:
if-needed: (Look at the MENU)
Food-Style:
range: (Burgers, Chinese, Americen, Seafood, French)
default: Americen
if-added: (Update Alternatives of Restaurent)
Times-of-Operation:
range: 8 Time-of-Day
default: open evenings except Mondeys
Peyment-Form:
range: (Cash, CreditCard, Check, Washing-Dishes-Script)
Event-Sequence:
default: Eat-at-Restaurant Script
Alternatives:
range: 8ll restaurants with seme FoodStyle
if-needed: (Find all Restaurants with the ssme FoodStyle)

Business-Establ ishment
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EAT-AT-RESTAURANT Script

(Restaurant, Money, Food, Menu, Tables, Chairs)

Props:
Roles: (Hungry-Persons, Wait-Persons, Chef-Persons)
Point-of-View: Hungry-Persons

Time-of-Occurrence: (Times-of-Operstion of Restaurant)
Place-of-Occurrence: (Location of Restaurant)

Event-Sequence:

first:
then:

then:
then:
then:
then:

then:

Enter-Restaurent Script
if (Wait-To-Be-Seated-Sign or Reservations)

then Get-Maitre-d’s-Attention Script
Please-Be-Seated Script
Order-Food-Seript
Eat-Food-Script unless (Long-Wait) when
Exit-Restaurant-Angry Script
if (Food-Quality was better than Paletable)
then Compliments-To-The-Chef Script
Pay-For-It-Seript

finally: Leave-Restsurant Script
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The tradeoff between expressiveness and tractability

Introduction

The role of a knowledge representation (KR) system is to perform a class
of inferences determined by the propositions in the knowledge base (KB).
One thing it should be able to do is determine when the truth of one
proposition is implicit in another. But depending on the range of
propositions which have to be dealt with, this task can be either relatively
trivial or completely unsoivable.

As long as we are dealing with computational systems that reason
automatically and correctly, they will either be limited in what knowledge
they can represent or unlimited in the reasoning effort they might require.

Reference:
Levesque and Brachman, "A fundamental tradeoff in knowledge
representation and reasoning" in Readings in Knowledge Representation.

Knowledge Representation

The job of a KR system is to manage a KB for a knowledge based system.
The main problem is determining what the KB says regarding the truth of
certain propositions. It is not whether the proposition itself is present in
the KB that counts, but whether its truth is implicit in the KB. That is, a
KR has to be able to determine, given a proposition S, the answer to the
question:

Assuming the world is such that what is believed is true, is S also true?

Determining the answer to this question might require not just simple
retrieval capabilities, but also inference of some sort.

First-order logic

Deciding whether or not a sentence of first-order logic (FOL) is a theorem
is unsolvable (i.e. the set of theorems is recursively enumerable). This is
bad if we want to use the KR system for representation of routine common
sense knowledge: bogging down on a logically difficult but low-leve!
subgoal and being unable to continue without human intervention is clearly
an unreasonable form of behaviour for an "intelligent" system. If the KR
service is going to be used as a utility and is not available for inspection
or control then it should be dependable both in terms of correctness and
the resources it consumes. Of course, the same problem arises for any
language which is at least as powerful as FOL, for example English.
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There are two ways to avoid the problem. Speeding up the theorem prover
helps but does not solve the problem. Another way is to relax our notion of
correctness, e.g. by making the theorem prover always return an answer
after a certain amount of time ("unknown" if it hasn't been able to
complete a proof one way or the other). This might be acceptable under
some circumstances but it is not a solution either.

The power of FOL is used in KR not to deal with infinite domains (this is
its main use in mathematics) but to deal with incomplete knowledge. For
example:

1. =student(john)
This says that John is not a student without saying what he is.
2. parent(sue,bill) v parent(sue,george)
This says that either Bill or George is a parent of Sue, but does not
specify which.
3. 3x. (cousin(bill,x) A male(x))
This says that Bill has at least one male cousin but does not say who.
4. vx. (friend{george,x) = 3Jy. child(x,y))
This says that all of George's friends have children without saying
who those friends or their children are or even if there are any.

The main point is that FOL is not used to capture complex details about the
domain, but to avoid having to represent details that may not be known.
The expressive power of FOL determines not so much what can be said, but
what can be left unsaid.

Last solution to the tractability problem: restrict the logical form of the
KB by controlling the incompleteness of the knowledge represented.

Database form

First type of restriction: database form, i.e. restrict KB so that it can only
contain the kind of information that can be represented in a standard
database. So for example, here is a small database containing information
about university courses:

1D NAME DEPARTMENT ENROLLMENT LECTURER
cs248 Prog. Languages Computer Science 42 F. Fortran
mai100 Linear Algebra Mathematics 64 J. Vector
¢s373 Anal. of Algorithms Computer Science 52 H. Polynomial

Translating this into FOL gives something like the following:

course(cs248) dept(cs248,computerscience) enroliment(cs248,42) ...
course{(ma100) dept{ma100,mathematics) enroliment(ma100,64) .....
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The list of sentences does not include ones like:
dept(mai100,mathematics) v dept(ma100,history)
so the range of uncertainty we are dealing with is quite limited.

Now, consider the question "How many courses are offered by the Computer
Science department?". The knowledge expressed in the above FOL
sentences is insufficient to answer this question since there is nothing
saying that cs248 and c¢s373 are different courses, and nothing saying that
there are not other courses offered by the Computer Science department
which are not listed in the database. But from a database point of view we
could answer this question. This is because there is some additional
information implicit in the use of database form, namely the assertion
that each constant represents a unique individual:

cs248 = ma100 mathematics # computerscience ...

and that the only objects of interest are the ones explicitly mentioned (the
closed world assumption):

VX. (course(x) = x=cs248 v x=mai100 v x=cs$373)
With this additional information we can answer the question.

An important property of a KB in database form is that (except for the
implicit information) we are restricted to a subset of FOL which does not
include negation, disjunction or existential quantification. This means
that it is impossible to express incomplete knowledge, and so inference
can be reduced to calculation (counting). We do not have to reason by
cases or by contradiction, for instance. If we knew that either cs148 or
cs149 or both were Computer Science courses but that no Computer
Science course other than ¢s373 had an odd identification number, we
could still determine that there were three CS courses, but not simply by
counting. But a KB in database form does not allow us to express this kind
of uncertainty, which makes things more tractable.

In a sense, the database is an analogue or model of the domain, in the
sense that there is a very close structural correspondence between the
domain and the representation (exactly one representational object for
each object in the domain). The advantage of this is that calculation on
the model can play the role of more general reasoning techniques, just as
arithmetic can replace reasoning with axioms in FOL defining addition and
multiplication. The disadvantage is that it is not possible to leave
anything unsaid about the domain. The same is true for other kinds of
models. For example, a map cannot express the information that a river
passes through one of two widely separated towns without specifying
which. A plastic model of a ship cannot tell us that the ship it represents
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does not have two smokestacks without also telling us how many it does
have. This is not to say that there is no uncertainty associated with the
analogue, but that this uncertainty is due to the coarseness of the
analogue (e.g. how carefully the maps is drawn) rather than to its content.

Logic program form

Second type of restriction: logic program form: restrict KB so that it can
only contain Horn clauses, i.e. FOL sentences of the form:

VXq..Xp- Py A e AP = Pryiq) where m20 and each P; is atomic

In the case where m=0 and n=0, the logic program form coincides with the
database form.

Again there is information implicit in a logic program which is not
accounted for by such a list of sentences, namely a list of sentences
(usually infinite) of the form s=t for all distinct ground terms s and t,
together with a version of the closed world assumption which is now a set
containing the negation of every ground atomic sentence not implied by the
Horn clauses in the explicit KB.

The result of this restriction is a KB which once again has complete
knowledge of the world, but this time may require inference to answer
questions. The reasoning in this case is the execution of the logic
program. For example, given a Prolog KB consisting of:

parent(bill,mary).

parent(bill,sam).

mother{X,Y} :- parent(X,Y), female(Y).
female(mary).

we know exactly who the mother of Bill is, but only after having executed
the program.

In a sense, the logic program form does not provide any computational
advantage to a KB in unrestricted FOL since determining what is implicit
in the KB is in general undecidable. On the other hand, the form is much
more manageable than in the general case since the necessary inference
can be split very nicely into two components: a retrieval component that
extracts (atomic) facts from a database by pattern-matching and a search
component that tries to use the non-atomic Horn clauses to complete the
inference.
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Semantic network form

Third type of restriction: semantic network form. This amounts to an FOL
in database form containing only unary and binary predicates. For example,
instead of representing the fact that John's grade in ¢s373 was 85 by

grade(john,cs373,85)

we have to postulate the existance of objects called "grade-assignments”
and represent the fact about John in terms of a particular
grade-assignment g-al as:

course grade-assignment
N
T‘is-a is-a
¢s373 € g-al > John
course student
grade is-a
W W
85 student
is-a is-a
N 2 A\ 4
grade persen

which amounts to the following:

grade-assignment(g-al) A student(g-al,john) A course(g-a1,cs373)
A grade(g-a1,85)

The main feature of a semantic net is not the treatment of individuals but
the treatment of the unary predicates (types) and binary predicates
(attributes). The types are organized into a taxonomy which we will
represent as a set of sentences of the form

vx. (B(x) = A(x))

(This is not a very good example because attributes are only attached to
constants, not to types, and the taxonomy is very simple.) The nodes are
either constants or types, and the edges are either labelled with an
attribute or with the special label is-a. (Note that the interpretation of
an edge depends on whether its source and target are constants or types.
For example, from a constant ¢ to a type B, is-a says B{c), but from a type
B to a type A, is-a gives rise to a taxonomic sentence vx. (B(x) = A(x)).)
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The significance of this graphical representation is that it allows certain
kinds of inferences to be performed by simple graph-searching techniques.
For example, to kind out if a particular individual has a certain attribute,
it is sufficient to search from the constant representing that individual,
up is-a links, for a node having an edge labelled with that attribute. By
placing the attribute as high as possible in the taxonomy, all individuals
below it can inherit the property.

The graph representation suggests different kinds of inference that are
based more directly on the structure of the KB than to its logical content.
For example, we can ask how two nodes are related and answer by finding
a path in the graph between them (intersection search). Given for instance
Clyde the elephant and Jimmy Carter, we could end up with an answer
saying that Clyde is an elephant and the favourite food of elephants is
peanuts which is also the major product of the farm owned by Jimmy
Carter. A typical method of producing this answer would be to perform a
"spreading activation” search beginning at the nodes for Clyde and Jimmy.
Obviously, this form of question would be very difficult to answer for a KB
that was not in semantic net form.

The appeal of the graphical nature of semantic nets has lead to forms of
reasoning, such as default reasoning, that do not fall into standard logical!
categories and are not yet very well understood. This is a case of a
representational notation taking on a life of its own and motivating a
completely different style of use not necessarily grounded in truth theory.
It is easier to develop an algorithm that appears to reason over structures
of a certain kind than to justify its reasoning by explaining what the
structures are saying about the world.

This is not to say that defaults are not a crucial part of our information
about the world. The problem is to make this intuition precise.
Paradoxically, the best formal accounts of defaults would claim that
reasoning with them is more difficult than reasoning without them.

Conclusion

It is more difficult to reason with one representational language than with
another and this difficulty increases as the expressive power of the
language increases. Expressiveness often amounts to the ability to leave
certain things unsaid, with full first-order logic at one extreme and
databases at the other. There is a tradeoff between the expressiveness of
a representational language and its computational tractability. There is
no single best language, only more or less interesting positions on the
tradeoff. Neither expressibility nor tractability by itself determines the
value of a representation language.
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