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Abstract

FROM SEARCH ENGINES TO QUESTION-ANSWERING
SYSTEMS ! THE PROBLEMS OF WORLD
KNOWLEDGE, RELEVANCE, DEDUCTION AND
PRECISIATION

Lotfi A. Zadeh

Existing search engines, with Google at the top, have many
truly remarkable capabilities. Furthermore, consfaiogress is
being made in improving their performance. But whanadt
widely recognized is that there is a basic capabiityich
existing search engines do not have: deductionbil#tya the
capability to synthesize an answer to a query lawiarg on
bodies of information which reside in various padf the
knowledge base. By definition, a question-answesygfem, or
a Q/A system for short, is a system which has dsaluc
capability. Can a search engine be upgraded to estign-
answering system through the use of existing tbtdsls which
are based on bivalent logic and probability theoryAetv which
Is articulated in the following is that the answeiNs.

The first obstacle is world knowledge ! the knowledge
which humans acquire through experience, commuaitand
education. Simple examples are: $lcy roads arepestyp¥
$Princeton usually means Princeton University,%istiathe
capital of France,% and $There are no honestigolgi% World
knowledge plays a central role in search, assessmenevénee

" Professor in the Graduate School and Directorkdey initiative in Soft
Computing (BISC), Computer Science Division andEkectronics Research
Laboratory, Department of EECS, University of Gaifia, Berkeley, CA
94720-1776; Telephone: 510-642-4959; Fax: 510-6412]1

E-Mail: zadeh@cs.berkeley.ediResearch supported in part by ONR
N00014-02-1-0294, BT Grant CT1080028046, Omron Gribekes Grant
and the BISC Program of UC Berkeley.




and deduction. The problem with world knowledgehiat it is,
for the most part, perception-based. Perceptiorslaspecially
perceptions of probabilities!are intrinsically ingmise, reflecting
the fact that human sensory organs, and ultimatety brain,
have a bounded ability to resolve detail and stofermation.
Imprecision of perceptions stands in the way ofngsi
conventional techniques ! techniques which are das®
bivalent logic and probability theory ! to deal witherception-
based information. A further complication is thatanwf world
knowledge is negative knowledge in the sense thaglates to
what is impossible and/or non-existent. For exam$#e person
cannot have two fathers,% and $Netherlands has ncamei#bt

The second obstacle centers on the concept of relevan
There is an extensive literature on relevance, erety search
engine deals with relevance in its own way, some laigh level
of sophistication. But what is quite obvious is that théjenm of
assessment of relevance is quite complex and far fromaaluti

There are two kinds of relevance: (a) question relevanc
and (b) topic relevance. Both are matters of dedfeeexample,
on a very basic level, if the questiongs$Number of cars in
California?% and the available informatiomp:issPopulation of
California is 37,000,000,% then what is the degfreelevance of
p to g? Another example: To what degree is a paper edtfiA
New Approach to Natural Language Understanding% of
relevance to the topic of machine translation.

Basically, there are two ways of approaching assestof
relevance: (a) semantic; and (b) statistical. Tsitate, in the
number of cars example, relevance pfto q is a matter of
semantics and world knowledge. In existing searchinesg
relevance is largely a matter of statistics, invadvicounts of
links and words, with little if any consideratiori semantics.
Assessment of semantic relevance presents diffdblems
whose solutions lie beyond the reach of bivalergicdloand
probability theory. What should be noted is thageasment of
topic relevance is more amendable to the use dfststal
techniques, which explains why existing search megiare



much better at assessment of topic relevance thastign
relevance.

The third obstacle is deduction from perceptionedas
information. As a basic example, assume that tlesstipn isq:
What is the average height of Swedes?, and thelabiai
information isp: Most adult Swedes are tall. Another example is:
Usually Robert returns from work at about 6 pm. Wisathe
probability that Robert is at home at 6:15 pm? INaitbivalent
logic nor probability theory provide effective tsofor dealing
with problems of this type. The difficulty is certd on
deduction from premises which are both uncertaind an
imprecise.

Underlying the problems of world knowledge, relevance
and deduction is a very basic problem ! the problenmattiral
language understanding. Much of world knowledge waeb
knowledge is expressed in a natural language. A natural
language is basically a system for describing ppices. Since
perceptions are intrinsically imprecise, so are natarguages.

A prerequisite to mechanization of question-ansugelis
mechanization of natural language understandingd an
prerequisite to mechanization of natural languag#ersianding
is precisiation of meaning of concepts and propositicawd
from a natural language. To deal effectively with rido
knowledge, relevance, deduction and precisiatiew tools are
needed. The principal new tools are: Precisiatedurdh
Language (PNL); Protoform Theory (PFT); and the Generalized
Theory of Uncertainty (GTU). These tools are drawn ffaazy
logic'a logic in which everything is, or is allowed be, a matter
of degree.

The centerpiece of the new tools is the concept of a
generalized constraint. The importance of the conhcd a
generalized constraint derives from the fact tmatPNL and
GTU it serves as a basis for generalizing the usalr accepted
view that information is statistical in nature. Mospecifically,
the point of departure in PNL and GTU is the fundatal
premise that, in general, information is repredaptas a system



of generalized constraints, with statistical infatian
constituting a special case. This, much more génei@v of
information is needed to deal effectively with wbKnowledge,
relevance, deduction, precisiation and related proflem

In summary, the principal objectives of this paper @g
to make a case for the view that a quantum jump in search
engine 1Q cannot be achieved through the use of methods$ base
on bivalent logic and probability theory; and (b) tbraduce and
outline a collection of non-standard concepts, ideds@wis
which are needed to achieve a quantum jump in search engine

Q.
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KEY ISSUE—DEDUCTION CAPABILITY

Existing search engines, with Google at
the top, have many truly remarkable
capabilities. Furthermore, constant
progress is being made in improving
their performance. But what should be
realized is that existing search engines
do not have an important capability—
deduction capability—the capability to
synthesize an answer to a query by
drawing on bodies of information which
reside in various parts of the
knowledge base.

CONTINUED

» What should be noted, however, is that there
are many widely used special purpose
question-answering systems which have
limited deduction capability. Examples of
stich systems are driving direction systems,
reservation systems, diagnostic systems and
specialized expert systems, especially in the
domain of medicine.
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SEARCH VS. QUESTION-ANSWERING

» A question-answering system may be
viewed as a system which mechanizes
question-answering

» A search engine in a system which
partially mechanizes question-

answering
a
PARTIAL MECHANIZATION
query
i
[ ]
Chirac topic question Age of Chirac
I i
Homepage | tOPic-relevant guestion-reflevant| chirac has a
of Chirac information information grandson

= A search engine is primarily a provider of fopic-
ralevant information

= User of a search engine exploits this capability to
derive an answer to a question

17
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COMPLEXITY OF UPGRADING

= Addition of deduction capability to a search
engine is a highly complex probleimn—a
problem which is a major challenge to
computer scientists and logicians

= A view which is articulated in the following is
that the challenge cannot be met through the
use of existing methods—methods which are
based on bivalent logic and probability
theory

= To add deduction capability to a search
engine it is necessary to (a) generalize
bivalent logic; (b) generalize probability
theory

HISTORICAL NOTE

= 1970-1380 was a period of intense interest in guestion-
answering and expert systoms

= There was no discussion of search engines

Exampie; L.5. Coles, “Techniques for information Retrieval Using
an [nferential Quastion-Answering System with Natural
Language input,” SRI Report, 1872

» M Nagao, J Tsujii: Mechanism of Deduction in a Question-
Answering Syster with Matural Language Inputd, [JCAT 1873
285-200.

= . R. McSkimin, J. Winker: The Use of a Semantic Network in a
Deductive Question- Answering System. IJCAL 1977 : 50-58.

= A. R. Aronson, B. E. Jacobs, J. Minker: A Note on Fuzzy
Deduction. J. ACM 27{4): 599-603 (19230)

= W.JLH.J Bronnenberg, H.C. Bunt, 5.P.J. Lendsbergen, R.JH.
Scha, W.J. Schoenmakers and E.P.C. van Utteren, The Question
Answering Systern PHLIQAT. In L. Bole (editor), Natiiral
Language Question Answering Systems. Macmillan, 1980,

18



Series: Electrotechnics, Electronics, Automatic
Control and Computer Science, Vol. 2, No. 2, 2085N 1584-9198

TEST QUERIES: GOOGLE

t: precisiation
q: What is precisiation?

r:
fUAH The concept of cointensive precisiation
... Trom data expressed in a natural language is
precisiation of meaning. ...
in this perspective, the problem of precisiation
is that of picking a ...
Al Magazine: Precisiated natural fanguage
... The Concepts of Precisiability and
Precisiation Language ... p is precisiable
if it can be transiated into what may be called a
precisiation language, ...

g

SIMPLE EXAMPLES OF DEDUCTION
INCAPABILITY

q: What is precisiation?

t:same as fort
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CONTINUED

q,: What is the capital of New York?
q,: What is the population of the capital of New York?
i

Web definitions for capital of new york Albany: state capital
of New York; located in eastern New York Stafe on the west
bank of the Hudson river

News results for what is the capital of New York - Wew
today's top sitories After the twin-tower nightmare, New
York is back on form, says ... - Economist - 3 hours ago
ThHe New Ralders - BusinessWeek - 14 hours ago
Brascan acguires New York-based Hyperian Capital for

$50M US

CONTINUED
q,: What is the population of the capital of New York?

Fy:

News resufts for population of New York - View today's fop
staries After the twin-tower nightmare, New York is back on
form, says ...

UN: World's population is aging rapidly -

New, deadly threat from AlDS virus

20
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CONTINUED

q. What is the distance betfween the largest city in Spain
and the fargest city in Portugal?

{4

Porioc - Oporto - Porfugal Travel Planner

Languange ...

CONTINUED
g. Age of Chirac
1

Jacques Chirac
Date of Birth: 29 November 1932
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CONTINUED
¢. Age of son of Chirac

f:

... Albert, their only son, becomes Monaco's de facto ruler
until & formal investiture

... French President Jacques Chirac hailed the prince's
"courage and ...

CONTINUED

¢: How many Ph.D. degrees in mathematics were granted
by European Universities in 19867

£

A History of the University of Podlasie

Annual Report 1936

A Brief Repori on Mathematics in fran
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UPGRADING

= There are three major problems in upgrading a
search engine fo a question-answering system

: World knowledge
: Relavance
- Deduction

- Precisiation

» These probfems are beyond the reach of existing
methods based on bivalent logic and probability

theory

= A basic underlying problem is mechanization of
natural language understanding. A prerequisite fo
mechanization of natural language understanding is
precisiation of meaning

Toolis in current uso

17

NEED FOR NEW TOOLS

New Tools

prohability thoony

8L

hivalemt logic

GCR

| Theon: of Generalized-
| Comstraimt-Based
Reasaning

TPM | |PNL| | cw GTU
Gereralized Consiraint | GG
|
fuzzy logic FL

FT: standard bivalent-logic-based probability theory
TP& ; Theory of Precisiation of Meaming
FNL: Precisiated Natural Language

CW: Computing with Words

GTL: Garreralized Theof) of Uncerlaiiily
GCR; Theory of Gemeralized-Constraim- Based Reasorimg
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KEY CONCEPT

= The concept of a generalized constraint is
the centerpiece of new tools—the tfools that
are needed to upgrade a search engine to a
question-answering system

= The concept of a generalized constraint
serves as a bridge between linguistics and
mathematics by providing a means of
precisiation of propositions and concepts
drawn from a natural language

» Information = generalized constraint

WORLD KNOWLEDGE

» World knowledge is the knowledge acquired through
experience, education and communication

« Few professors are rich

« There are no honest politicians

« Itis ot likely to rain in San Francisco in
midsummer

« Most Swedes are fafl

« There are no mountains in Holland

« Usually Princeton means Princeton University

« A person can have only one father

20
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A QUICK EXAMPLE OF LACK OF WORLD
KNOWLEDGE
Query: number of fathers of Bush

Google:

Raesults 1 - 10 of about 803,000 for pumber of felfrers of Bysh (0.20 seconds)

» Sins of the Fathers -- in These Times

American Dynasty impressively describes an America where a small
number of key

... Phillips traces the origins of the Bush Dynasty to two of Dubya's

= g_m Eush ot A% maﬁ%fg
eorge Bush Jr. a er 13. by Robart Howard ... We have

FPresident George

Bush Jr. who is 13th cousin of Britain's Queen Mother, and of her
daughter ...

www. theFforbiddenknowledoge. com/herdiruth/ bus 13.htm

|

COMPONENTS OF WORLD KNOWLEDGE

» Propositional

- Paris is the capital of France
» Conceptual

- Climate
» Ontological

- Rainfall is related to climate
» Existential

- A person cannot have more than one
father

» Contextual
. Tall

22
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CONTINUED

» Much of world knowledge is perception-
based

+ Most Swedes are tall

« Most Swedes are much taller than most
ftalians

« Usually a large house costs more than a
small house

» Much of world knowledge is negative, i.e.,
relates to impossibility or nonexistence

« A person cannot have more than one
father

« There are no honest politicians

» Much of world knowledge is expressed in a
natural language

Z3

PROBLEM

» Existing methods cannot deal with deduction
from perception-based knowledge

« Most Swedes are tail
What is the average height of Swedes?
How many are not tall?
How many are short?

= A box contains about 20 black and white
balls. Most are black. There are several
times as many black balls as white balls.

How many balls are white?

24
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o Ay

¥

THE PROBLEM OF DEDUCTION

Py usually temperature is not very low
po: usually temperature is not very high

7average value of temperature

most students are young
most young students are single

?students are young and single

Brian is much older than most of his close friends

How old is Brian?

24

THE PROBLEM OF RELEVANCE

A major obstacfe to upgrading is the concept of
reflevance. There is an extensive literature on
refevance, and every search engine deals with
relevance in its own way, some at a high lfevel of
sophistication. But what is quite obvious is that the
problem of assessment of relevance js very complex
and far from sofution

What is refevance?
Relevance is naot bivalent

Relevance is a matter of degree, i e, is a fuzzy
cofncept

There Is no cointensive definition of relevance in the
fiterature

26
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CONTINUED

Definition of refevance function

R{q/p)
| L proposition of coffection of propositions
question or topic

degree of relevanceof ptoq
gq: number of cars in California?

p: population of California is 37,000,000
To what degree is p refevant to g7

» assessment of degree of refevance requires world
knowledge

Z7

A SERIOUS COMPLICATION—
NONCOMPOSITIONALITY
= Rfg/p.n=7?
» R{g/p) =0; R{g/r) =0; Rig/p, 1) £0

Example

g: How old is Mary?

p: Mary’s age is the same as Carol’s age

#: Carol is 32 R(g/p) = 0; Rg/t) = 0; R(g/p, ©) = 1

» Conclusion: relevance cannot be assessed in
isofation

= Definition

= p s l-refevant fo q If p is relevant fo q in Isclafion

* pis [-irelevant to q if p is not relevant to g in
fsolation

25
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RELEVANCE

g: How old is Vera page ranking algorithins
p,: Vera has a son wha is In mid- word counts
iwenties keywords
p.: Vera has a daughter whe is in
mid-thirties
w: chifd-bearing age is abour
sixteon to about forty two

29

MECHANIZATION OF QUESTION ANSWERING

= Much of world knowledge and web knowledge is
expressed in a natural fanguage

= Matural language understanding is a prereguisite to
question-answering

= Precisiation of meaning is a prereguisite to
mechanization of natural language understanding

» Human natural language undersfanding is a
prerequisite fo precisiation

= Machines do not have the human ability fo
understand what has imprecise meaning

Example: Take a few steps
a0
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THE CONCEPTS
OF PRECISIATION
AND COINTENSIVE

WHAT IS PRECISE?

1

PRECISE

v-precise m-precise

i |

precise value precise meaning

» p: X is a Gaussian random variable with mean m and
variance o2 m and o%are precisely defined real
numbers

+ pis v-imprecise and m-precise

= p: Xisin the interval [a, b]. a and b are precisely
defined real numbers
* p is v-imprecise and m-precise

m-precise = mathematically well-defined

30
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PRECISIATION AND IMPRECISIATION

1 l _____ _| v-tywecisiation q |‘ L
i 0
w-prrecislation
a ¥ %
ERTSRIZR m-precise
v-precise v-imprecise

1
If X is small then Y is small
I/_\ vimprectSSon e X is medium then Y is farge

1) - If X is large then Y is smalf
v-precise v-imprecise

m-precise m-precise
33

DIGRESSION
SINGULAR AND GRANULAR VALUATION

w . granufar value of X
” ]
ir{ 37— singular value of X
'|.“~ o -l
= singular: Xisa singleton

= granular: X isr A —— granule
= @ granule is defined by a generalized constraint
example:

X: unemployment

a: 7.3%

A: high 3
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ATTRIBUTES OF A GRANULE

= Probability measure
= Possibility measure

= Verity measure

¥ .
25
V-PRECISIATION
X: variable A

g-precisiation L /’ !

= " w ;

X " - » I{ m j

s-precisiation § e
L] __,"

- isfation
St 7.3%

unemployment = high
g-precisiation

+ s-precisiation is used routinely in scientific theories
and especially in probability theory

3G
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m-PRECISIATION AND COINTENSIVE

PRECISIATION
ieEtk e precisiand
concepr L
proposition precisiation | model of
question meaning
command

» To be useful, precisiation must be cointensive

» Cointension = goodness of model of meaning

ar

MODALITIES OF m-PRECISIATION

m-precisiation
I
| ]
mhb-precisiation mm-precisiation
| |
human-oriented machine-oriented

p TPrecisialion , recisiand of p (Pre(p))

L
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STAGES OF m-PRECISIATION

mm-precisiation
NL NL language
p -p’ = lp"
mb-precisiation nnm-precisiation

nwm-precisiation

example
p: bear market
p': steadily declining sfock market with negative
outiook for future
p*: We classify a bear market as a 30 percent decline
after 50 days, or a 13 percent decline after 145
days. (Robert Shuster)

28
BIMODAL DICTIONARY (LEXICON)
mh-precisiand mm-preclislang
P IrnfT=parescisiation Def(pj FIIFR e s oy Pre{p}
!
machine-oriented
{mathematical)
human-oriented
natural language
proposition or concept
Hotumntain mh a natural raised part of the earth’s surface,

usually rising more or less abruptly, and larger than a hill
_mm.p
40
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RATIONALE FOR IMPRECISIATION
IMPRECISIATION PRINCIPLE

p: Xis
‘L value of X

variable

X: real-valued variable
X: H’I: L] Xn}

X: function

X: refation

V is v-precise if V¥ is a singlefon {singuiar)
v-imprecisiation: singular granufar

41

v-IMPRECISIATION

v-imprecisiation
|
[ 1

forced defiberate

forced: V is not known precisely
deliberate: \V need not be known precisely

v-imprecisiation principle: Precision carfies a cost. If
there is a folerance for imprecision, exploit it by
employing v-imprecisiation to achieve fower cost,
robustness, tractability, decision-relevance and

frigher level of confidence
42
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CONFIDENCE

p=XisV
value of X Is uncerfain

Con{p) = Prob that (X is \} is true

» Generally, v-imprecisiation of V serves 1o increase
Con(p)

Con{Carol is young) = Con{Carol is 23}
fower specificity higher confidence

i3

GRANULATION REVISITED

& Granulation is a derivative of v-imprecisiation
principle

continuous

Aise / quantized 1,2,3,4,5...

\ granulated young + middfe-aged + ofd
H M middie
4 ¥oung -aged

ofd

i Q A
guantized Age granulated e

granulation = v-imprecisiation / m-precisiation

¢l
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KEY POINT

» Granulation plays a key role in human
cognition

» In human cognition, v-imprecisiation is

followed by mh-precisiation. Granulation is

mh-precisiation-based

In fuzzy logic, v-imprecisiation is followed by

mm-precisiation. Granulation is mm-

precisiation-based

k)

* mm-precisiation-based granulation is a major
contribution of fuzzy logic. No other logical
system offers this capability

KEY IDEAS

» In TPM, a proposition, p, is precisiated by representing
its meaning as a generalized constraint, GC(p)

= fn TPM,
precisiation = m-precisiation

» precisiation of meaning does not imply precisiation of
value

» A desideratum of precisiation is colntension

= Informally, p and g are coinfensive if the intension
(attribute-based-meaning) of p is approximately the
same as the intension {attribute-based-meaning) of g

48
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DIGRESSION: EXTENSION VS, INTENSION

u universe of discourse
Dfc) denotation of C
C U« obfect in U
concepf

= DfCl=set of all u's which fit C

» Extensional definition of D{C): instance-based, sinface-
structure-hased
» fbr:ensiﬂna.' definition of D(C): attribute-based, deep-siructure-
1]
» Extension of C= DfC) if D{C] is defined extensionally
» Intension of C: intensional definition of DfC)
Example;
{u = Robert extensional, Robert is young
yound = Robert intensional, young «— Age<25
Robert is 23 — Robert Is young
A4

KEY POINT

» Precisiation is hecessary but not sufficient

» To serve iis pupose, precisiation must be
cointensive

Cointensive precisiation is a key to
mechanization of natural language
understanding

g
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COINTENSIVE DEFINITION

CONCEPT
£
human perception of C| definition of C
£(C) Def(C)
intension of p{Cj} intension of Def{C}

cointension: coincidence of the intended infension of the
definiendum, C, and the infension of the definfens Def(C)

If C is a concept and Def(C) is its definition, then Def{C) is a
valld definitfon if it is cointensive with C 48

AN IMPORTANT IMPLICATION FOR SCIENCE

= It is a deep-seated tradition in science to
employ the conceptual structure of bivalent
logic and probability theory as a basis for
formuiation of definitions of concepts. What
is widely unrecognized is that, in reality,
most concepts are fuzzy rather than bivalent,
and that, in general, it is not possibie to
formulate a cointensive definition of a fuzzy
concept within the conceptual structure of
bivalent logic and probability theory.

al
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TEST PROBLEMS (PROBABILITY THEORY)

» X is a real-valued random variable. What is known
about X is: afusually X is much larger than
approximately a; b usually X is much smalfer than
approximately b, where a and b are real numbers
with a = b. What is the expecfed value of X?

= X and Y are random variables. (X, Y) takes values In
the unit circle. Prob(1) is approximately 0.1; Prob(2)
is approximately 0.2; Prob(3} is approximatefy 0.3;
Prob(4) is approximately 0.4. What is the marginal
distribution of X? v

4|1
0 X
2|z
£
EXAMPLES OF FUZZY CONCEFPTS WHOSE

STANDARD, BIVALENT-L OGIC-BASED DEFINITIONS
ARE NOT COINTENSIVE

= stability

= causality

» relevance

» bear market

» recession

» mountain

= independence
» Stationarity

» cluster
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EXAMPLE OF A BIVALENT DEFINITION OF A
FUZZY CONCEPT

Robert Shuster iNed Davis Research)

We classify a bear market as a 30 percent decline
after 50 days, or 2 13 percent decline after 145 days.

= A problem with this definition of bear market Is that
it is not cointensive

a3

COINTENSION

= In general, a cointensive definition of a fuzzy
concept cannot be formulated within the
conceptual structure of bivalent logic and
probability theory

» To understand the meaning of this
cointension, an analogy is helpful

a4
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ANALOGY
S M(S)
system modelization | model
! Pre(l)
lexeme gRcoarcs precisiand

= input-output refation —— intension {test-score function)
+ sysfem analysis —— semantical analysis (Frege's Principle
of Compositfionality)

* degree of match between M(5) and 5

cointension

* In general, it is not possible to construct a cointensive

model of a nonlinear system from linear components

£S5

PRECISIATION OF MEANING
BASIC POINT

» The meaning of a proposition, p, may be precisiated
in many different ways

p

precisiation g,

Pre,(p}

Pre,(p)
> precisiands of p

P”EanJ o,

£&
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CHOICE OF PRECISIANDS
#In TPM, Pre(p) is equated to GC{p)

» The concept of a generalized constraint
opens the door to an uniimited
enlargement of the number of ways in
which a proposition may be precisiated

= An optimal choice is one which
achieves a compromise between
complexity and cointension

af

THE KEY IDEA

= In TPM, a proposition, p, is precisiafed by expressing
its meaning as a generalized constraint. I this
sense, the concept of a generalized constraint
setves as a bridge from natural languages to
mathematics.
NL Mathematics

P p* (GC(p))

|
generalized constraint

* The concept of a generalized constraint is the
cenferpiece of TPM

ad
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THE GONCERT
OF A GENERALILE

GENERALIZED CONSTRAINT (Zadeh 1986}

* Bivalent constraint (hard, inelastic, categorical:)

Xe E
constraining bivalent relation

& Generalized constraint:

XisrR
Pt

E constraiining non-kivalent (fuzzy) relation
index of modality (defines semantics)
consfrained variabie

rrel=l=|z|c|... |Mank|p|v|u|rs|fg|ps|...

e

hbivalent ;
primary

&0
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CONTINUED
® constrained variable

* Xis an n-ary varfable X=(X,, ..., X,)

* X is a proposition, e.q., Leslie is fall

® X Is a function of another variable: X=f(Y)

* X is conditioned on another variable, X/'Y

* X has a structire, e.q., X= Location
(Residence(Carol))

* X is a generalized constraint, X:YisrR
® X is a group variable. In this case, thereis a
group, GfA]: (Name,, ... Name,l with each

member of the group, Namer, i=1 ..., n
gssocifated with an attribute- vafue A,. A may be
vector-valued. Symbolically

GfA]l: (Name, /A.+... +Name /A)

Basically, X is a relation 51

SIMPLE EXAMPLES

» “Check-out time is 1 pm,” is an instance of a
generalized constraint on check-out time

» "Speed limit is 100km/h" is an instance of a
generalized constraint on speed

» "Vera is a divorcee with two young children,”
is an instance of a generalized constraint on
Vera's age

62
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GENERALIZED CONSTRAINT—MODALITY r

XisrR
= equality constraint: X=R is abbreviation of X is=R
r=s inequality constraint: X< R
rc subsethood constraint: X ¢ R

r: blank possibifistic constraint; X is R; R is the possibility
distribution of X

v veristic constraint; X isv R; R is the verity
distribution of X
rp probabilistic constraint; X isp R; R is the

probability distribution of X
Standard constraints: bivalent possibilistic, bivalent veristic
and probabilistic g

CONTINUED

- bm bimodal constraint; X is a random variable; R is a
bimodal distribution

rrs  random set constraint; X isrs R; R is the sef-
valued probability distribution of X

r: fg  fuzzy graph constraint; X isfg R; X is a function
and R is its fuzzy graph

r: u usuality constraint; X isu R means usually (X is R}

g group constraint; X isg R means that R constrains
the attribute-values of the group
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PRIMARY GENERALIZED CONSTRAINTS

» Possibilistic: X is R
» Probabilistic: X isp R
» Veristic: Xisv R

» Primary constraints are formalizations of
three basic perceptions: (a) perception of
possibility: (b) perception of likelihood; and
(c) perception of fruth

» In this perspective, probability may be
viewed as an attribute of perception of
likelihood

63

DIGRESSION—FQUNDATIONS OF SCIENTIFIC
THEORIES

v

Scientific theories have their origins in perceptions

A scientific theory may be viewed as a formalization
of perceptions

¥

Basic perceptions and their formalizations

Likelihood —— probability theory , probability is an
attribute of likelihood

= Possibility possibility theory

» Truth and consequence — logic

= Similarity —— classification theory
= Causality —— theory of causality

[

1]
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EXAMPLES: POSSIBILISTIC

» Monika is young——Age (Monika) is young
X R

» Monika is much younger than Maria —
{Age (Monika), Age (Maria)) is much younger

L x Lr

» most Swedes are tall
—iCount (tall. Swedes/Swedes) is maLsr
R
X

&7

EXAMPLES: PROBABILISITIC

» X is a normally distributed random
variable with mean m and variance o2 ——

Xisp N{m, 2}

» X is a random variable taking the values
Uy, U, U; with probabilities p,, p, and p,,
respectively —

X Isp (pustp s +psiuy)
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EXAMPLES: VERISTIC

»~ Robert is half German, quarter
French and quarter ftalian

Ethnicity (Robert) isv (0.5|German
+ 0.28|French + 0.25|italian)

» Robert resided in London from 1985
fo 1990

Reside (Robert, London) isv [19885,
1990]

[=1]

STANDARD CONSTRAINTS

» Bivalent possibilistic: X ¢ C (crisp set)
» Bivalent veristic: Ver(p) is true or false
» Probabilistic: X isp R

» Standard constraints are instahices of
generalized constraints which underlie
methods based on bivalent logic and
probability theory

fil1]
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GENERALIZED CONSTRAINT—SEMANTICS

L

¥

.

A generalized constraint, GC, is associated with a
fest-score function, ts(u), which associates with
each object, u, to which the constraint is
applicable, the degree to which u satisfies the
constraint Usually, ts{u} is a point in the unit
interval. However, if necessary, it may be an
element of a semi-ring, a lattice, or more generally,
a partially ordered set, or a bimodal distribution.

example: possibilistic constraint, Xis R
XisR Poss{X=u) = ppfu)
tsfu} = pp(u)

Fal

TEST-SCORE FUNCTION

GCfX): generalized constraint on X
X takes values in U= {u}

taest-score function ts{u). degree fo which u safisfies
GC

ts(u) may be defined {a} directly {fextensionally} as a
function of u; or indirectly (intensionally) as a
function of attributes of u

intensional definition=attribute-based definition

example (a) Andrea is tall 0.9

fb} Andrea’s height is 175cm; p, (175=0.9;
Andrea is 0.9 tall

iz
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CONSTRAINT QUALIFICATION

» pisr R means r-value of pis R

in particular
p isp R— Frob(p) is R {probability qualification)
p isv R——Tr{p) is R {truth (verity) qualification)
pis R —— Poss{p} is R (possihility qualification)

examples
(X is small} isp likely — Prob{X is small} is likely
(X is small) isv very true — Ver{X is small} is very true
(X isu R) —Prob{X is R} is usually

i3

GENERALIZED CONSTRAINT LANGUAGE (GCL)

= GCL is an abstract language

» GCL is generated by combination, qualification and
propagation of generalized consirainis

examples of elements of GCL

« (Xisp R})and (X Y} is 5)

« {Xisr R) is unlikely} and (X iss 5} is likely
« IfXisAthenYisB

» the language of fuzzy if-then rules is a sublanguage
of GCL

‘-{

= deduction= generalized constraint propagation

» the language of fuzzy if-then rules is a sublanguage
of GCL

4
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STANDARD CONSTRAINT LANGUAGE (SCL)

= SCL is a sublanguage of GCL
GCL

» SCL is generated by combination,
qualification and propagation of standard
constraints

» The languacge of differential equations is a
sublanguage of SCL

PRECISIATION = TRANSLATION INTO GCL

BASIC STRUCTURE
NL GCL
N precisiation i
P transiation p* ﬂ;fisrm
GC(p)

generalized constraint

annotation
p——X/AisrR/B —— GC-form of p

example
p: Carol lives in a small city near Sanh Francisco
X/LocationfResidence{Carol)]) is RINEARfCity] ~ SMALL[Ciry]

i
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STAGES OF PRECISIATION
perceptions NL
descrl p’ isiati
per- escription & mi-precisiation
I v-imprecise
v-imprecise m-impracise
GCL NL
mm-grecisiafion | p’
p* y
v=imprecise
m-precise
[
PRECISIATION
|
| |
s-precisiation g-precisiation

conventional GCL-based
{degranulation) fgranuiation)
& precisiation " ot
I_-;a_' d > Ersc:rsrafmn X isr R

t ) f'\ ‘—‘r—t

approximatefly a proposition  GC-form

memoﬂ practice in probability theory

+ cg-precisiation: crisp granular precisiation

d
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PRECISIATION OF “approximately a,” *a

H
1

s-precisiation singfeton
M -

cg-precisiation

interval

probabifity distribution

g-precisiation <

T8

CONTINUED
» =
. bimodal distribution
g-precisiation PRI P
E 1 i i "
X

GCL-based (maximal generality)

g g-recisiaiion Xisr R
\_..ﬂ'__.a

t
GC-form
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EXAMPLE
« p: Speed limit is 100 kmih
poss
cg-precisiation
p— r = blank (possibilistic)
00 fip  Speed
poss
g-precisiation
Bt \ r = blank (possibilistic)
100 110
prob
g-precisiation
p— r = p (probabilistic)
100 110 Speed
a1
CONTINUED
prob P
st I
: Gy DL LT : g-precisiation
p— :‘""I-.---a ¥ = bm (bimodal)
]
e |
100 110 120 speed

If Speed is less than *110, Prob(Ticket) is low

if Speed is between *110 and *120, Prob{Tickef) is medium
If Speed is greater than *120, Prob({Ticket) is high

a2
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THE CONCEPT OF GRANULAR VALUE

Xis a singular value
singlefon

Xis A granular value
i grantife
A granular vaiue
': as—— singular value
o

CONTINUED

» A is defined as a generalized constraint
example
X is small ——— granular value
I— fuzzy set

granulation

|
| |

forced deliberate

B
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GRANULAR COMPUTING (GrC)

» The objects of computation in granular
computing are granular values of variables
and parameters

» Granular computing has a position of
cemtrality in fuzzy logic

» Granular computing plays a key role in
precisiation and deduction

a5

GRANULAR DEFINITION OF A FUNCTION

Y
.
0 ¥ it X is large then Y is smalf

L]
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PRECISIATION AND DEDUCTION
> p: most Swedes are tall

p*: X.Count(tall. Swedes/Swedes) is
most

further precisiation

h{u): height density function

h{u)du: fraction of Swedes whose height
isinfu utdu], a<u<bh
I® h{u)du =1

&7

CONTINUED
» TCount(tall.Swedes/Swedes) = [* h{e)u ., (u)du

» constraint on h

|: [ ble)p  {u)du  js most

(1) = 1 (2 B{L1),,, (1))
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CALIBRATION / PRECISIATION

» calibration
| j
o

A ettt
1 height 0.8 1 fracficn

» precisiation

most Swedes are tali — wu(h) = (I b{u)p,, () dur)

fi: count density function

» Frege principle of compositionality—precisiated version
* precisiation of a proposition requires precisiations
(calibrations) of its constituents B4

DEDUCTION

q: How many Swedes are not tall
g% 18 (e e ()T i 2 Q
solution: ]': h{en(1 — p,,, (U))du =
[} h{uydu - [ hiu)p,, (W)du = 1—most

- I
1_ mf";'_ mosf

Y

an
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DEDUCTION

g: How many Swedes are short
q* I® B, (u)de is 7 q
solution: | s e (i) is most

I8 B pet) is 7 @

extension principle

Ly v) = sSup, {”'nu.ll'{-[: h{u}”m{u}du”
subject to

I L (7) T (737, 7

i1

CONTINUED

g: What is the average height of Swedes?
q*: ® h{uudy /s 7 Q
sofution: |s Bt (LAY is most

I'_’ hitnuduy is? @

extension principle

g (v)= EUPH“I.M ”: h{uh'lm (u)du))
subject to

v = [* hiu)udu

82
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PROTOFORMAL DEDUCTION

Example:

most Swedes are tT.f.'—* 1/n> Count(GfA] is R} is @
]

Height

43

PROTOFORMAL DEDUCTION RULE

1/n> Count{GfA] is R) is Q
1/n> Count(G[A] is 5) is T

2fA) is Q
JugfA)is T

Hv) =sup,, | a4 (B2 HelA )
subject to

v =T pg(A)

a4
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PROTOFORM LANGUAGE
AND
PROTOFORMAL DEDUCTION

THE CONCEPT OF A PROTOFORM
PREAMBLE

» As we move further into the age of machine
intelligence and automated reasoning, a daunting
probfem becomes harder and harder to master. How
can we cope with the explosive growth in
knowledge, information and data. How can we
locate—and infer from—decision-refevant
information which is embedded in a large database.
Among the many concepts that relate to this issue
there are four that stand out in importance: search,
precisiation and deduction. in relation to these
concepts, a basic underlying concept is that of a
protoform—a concept which is centered on the
confluence of abstraction and summarfzation
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WHAT IS A PROTOFORM?

» protoform = abbreviation of prototypical form

= informally, a protoform, A, of an object, B, written as
A=PF(B), is an abstracted summary of B

= usually, B is lexical entity such as proposition,
question, command, scenario, decision problem, etc

= more generally, B may be a relation, system,
geometrical form or an object of arbitrary complexity

= Usually, A is a symbolic expression, but, like B, it
may be a complex object

» the primary function of PF(B) is to place in evidence
the deep semantic structure of B

a¥

CONTINUED
obfect space
protoform space
bf ¢ Simmary of 2]
oRfec
- summarization absiraction pmtc:ﬁ:rnn
p [

Stp) Lar?fp»
PF(p)

PF{p): abstracted summary of p
deep structure of p
« profoform equivalence

= protoform similarity
a4
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PROTOFORMS
object space  profoform space
. *
:ﬂdﬁ-—-’l
-~ g
PF—equfva.*ence{ :% >
class .~

= at a given level of abstraction and summarization,
obfects p and g are PF-equivalent if PR{p)=PF(q)

example
p: Most Swedes are fall Count (A/B) iIs Q
o: Few professors are rich Count (A/B) is Q

EXAMPLES

instantiation
» Monika is young —— Age{lMonika) is young A(B) is C
1

] ol
abstraction
= Monika is much younger than Robert ———

{Age{Monika), Age(Robert} is much.younger——
D(A(B), A(C)) isE
» Usually Robert returns from work at about 6:15pm——
Prob{Time(Return{Rober)} is 6:15% Is usually
Prob{A(B) Is C} is D
‘ L L usuaity
G6:75*
ReturniRobert)
Time 100
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EXAMPLES

Alan has severe hack pain. He goes to gan
see a doctor. The docfor tefls him that .
thate are two oplions: (1) do nothing;

and (2] do surgery. In the caseo.l" 1
surgery, there are fwo possibilities: {a) [

surgery is successful, In which case

Alan will be pain free; and (B} surgery is

nof successiul, in which case Alan will

be paralyzed from Ihe neck dowrn. Z 2
Chiestion: Shrould Alan elect surgery? option 1

option 2

object
d _— i-protoform

i

PROTOFORMAL DEDUCTION
e GCL _ PFL

recisiyiion surrwrarization R
p . p

*p
-q*

o precisiation abstraction q‘*’

WHKAS DM

World 2
Knowledge &
Module

| a

deduction ﬂl‘OﬂUfE/ answer

102
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PROTOFORMAL DEDUCTION

» Rules of deduction in the Deduction Database (DDB)
are protfoformal

examples: (a) compositional rule of inference

XisA H(v) =supf p,(u) A p(u,v))
symbolic—— | (X, Y)is E T_
Yis A8 comptational

(b} extension principle

Xis A g, (v)=sup(p.(u))
Y =109 v =Ff(u)
Y =14
symbolic computational iz
RULES OF DEDUCTION

= Rules of deduction are basically rules governing
generalized constraint propagation

» The principal rule of deduction is the extension

principte
Xis A po(v) = SUp, (1, (1t)
| ffX) is B v ="F{u)
symbolic 1= compuitational

104
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GENERALIZATIONS OF THE EXTENSION
PRINCIPLE

information = constraint on a variable

) isA | — given information about X

giX)is B | — jnferred information about X

(v )=sup, [ pu(f(u))

subject to: v =gfu)
105
CONTINUED
X, ..., X)) is A se(v) =sup.(pufiu))
gxX, ... X)isB Subject to: V =gfu)
X, . X is A (v ) =sup,(u(f{u))
Xy - XJ I8 Y, j=1, ... Subject to: V = gfur)
Y, ... Y)isB j=1..n
106
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PROTOFORMAL DEDUCTION

Example:

maost Swedes are tT.f}—* 1/n> Count{GfA] is R) is Q
{ |
J

Height

10F

PROTOFORMAL DEDUCTION RULE

1/n.* Count(G[A] is R) is @
1/nF Count(G[A] is S)is T

21(A) is Q
JufA)is T

BV} =stp,, | a (ol He(A)
subject to
v =2l A)

108
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EXAMPLE OF DEDUCTION

p: Most Swedes are much faller than most lfalians

g: What is the difference in the average height of Swedes
and ltalians?

TPM-based solution

Step 1. precisiation: transiation of p into GCL

S={8, ... 8} population of Swedes
f={l, ... 1 }:population of ltalians

g, = height of 5, » §=(9y, -, G5
fi, = helght of I, h=(hy, . h)
Hi = Boen med 9 )= degree to which S, is much taller than I,
109
CONTINUED

T
r,=— & 1, = Relative ZCount of italians in relation to whom
+ S; is much taller

t = [l.e (F) = degree to which S, is much taller than

most ffalians
V= 1Etr. = Relative > Count of Swedes who are
it much taller than most ltalians

ts(g, h} = Yoaedv)

p —+generalized constraint on S and |

1 1
q.d= mErQ.- —nth:'

110

69



Series: Electrotechnics, Electronics, Automatic
Control and Computer Science, Vol. 2, No. 2, 2085N 1584-9198

CONTINUED

Step 2. Deduction via extension principle

ho(d) = sup, ,ts(g,h)

subject to
d= %Efgff —%Ejhj
111
DEDUCTION FPRINCIFPLE

= Point of departure; question, g
» Data: D= (XJu, .... X/u)

u. is a generic value of X,

= Ansfgl: answer o g

= Ifwe knew the values of the X, u,. ..., v, we could express
Ansfy) as a function of the U,

Ansfgl=gfu,, ...u) u={u, .. u)

» Our information about the U, Ifu,, ..., u ) is a generafized
constraint on the u. The constraint is defined by its fest-score
furction

flu)=fu,, ..., 0}

M
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CONTINUED

» Use the extension principle

Hoansig) (V) = SUp (ts(u))

subject to
v=g(u)

113

MODULAR DEDUCTION DATABASE

POSSIBILITY PROBABILITY  FUZZY ARITHMETIC
MODULE MODULE ?gm MODULE

SEARCH FUZZY LOGIC EXTENSION
MODULE MODULE PRINCIPLE MODULE|

114
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PROBABILITY MODULE

115

THE CONCEFT OF BIMODAL DISTRIBUTION
(ZADEH 1979)
Xisbm R

|_ L bimodal distribution
random variable

» A bimodal distribution is a colfection of ordered
pairs of the form

R: (P, AJ, ..., (P, A )}
or equivalently
I(PA) =1, ..., 1t

where the P, are fuzzy probabilities and the A, are

fuzzy sets
115
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CONTINUED

Special cases:
1. The P, are crisp; the A, are fuzzy
2. The P;are fuzzy; the A; are ctisp
3. The P,are crisp; the A, are crisp

» The Demspter-Shafer theoiy of evidence is
basically a theory of crisp bimodal
distributions

1y

EXAMPLE: FORD STOCK

= | am considering buying Ford stock. | ask my
stockbroker, “What is your perception of the
near-term prospects for Ford stock?” He tells
me, “A moderate decline is very likely; a
steep decline is unlikely; and a moderate
gain is not likely.” My question is: What is
the probability of a large gain?

118
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B

'\-{

CONTINUED

Information provided by my stockbroker may be
represented as a collection of ordered pairs:

Price: {{unlikely, steep.decline),

fvery. likely, moderate decling),

{rnot likelfy, moderate.gain))
inn this coffection, the second element of an ordered
pair is a fuzzy event or, eguivalently, a possibility
distribution, and the first element is a fuzzy
probability.
The impartance of the concept of a bimodal
distribution derives from the fact that in the context
of human-centric systems, most probability
distributions are bimodal

18

BIMODAL DISTRIBUTIONS

Bimodal distributions can assume a variety
of forms. The principal types are Type 1,
Type 2 and Type 3. Type 1, 2 and 3 bimodal
distributions have a common framework but
differ in important detail

120
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BIMODAL DISTRIBUTIONS (Type 1, 2, 3)
()

(4

» Type T {default): X is a random variable ftaking values in U
A, ..A,. A areevenis ffuzzy sets)
P, =Frob{Xis A] , =1 ..,n
I p; s unconsirained
p,is P, {granufar probability)

EMD: bimodal distribution: (P, A). ..., P A)
Xisbm (P A, + - +P\A ]

Problem: What is the probability, p, of A7 In general, this

probability is fuzzy-sel-valued, that is, granuiar 1

CONTINUED

= Type 2 (fuzzy random sel): X is a fuzzy-set-valted
random varfable with
values A, ..., A_ (fuzzy
sets)

P, =ProbfX=A), i=1 ...,n

BMD: Xisrs (pA; +-- +p,JA,)
Ip; =1

Froblem: What is the probability, p, of A? p is not
definable. What are definable are (a) the
expected value of the conditional
possibility of A given BMD, and (b) the
expecfed value of the conditionafl
necessity of A given BMD
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CONTINUED

= Type 3 {augmented random set; Dempster-Shafer):
X is a set-valued random variable taking the values X,
., X, with respective probabilities p,, ..., p,,
« Y, is a random variable faking values in A, i=1, ... n
« Probability distribution of Y; iIn A, =1, ..., n, Is not
specified
« Xisp (py X+ 4p, X))

Problem: What is the probability, p, that Y, or Y, ... or Y,
is in A? Because probability distributions of tﬁe Y, in the
A, are not specified, p is interval-valued, What is
important to note is that the concepts of upper and
lower probabilities break down wher the A; are fuzzy

sefs

1S DEMPSTER SHAFER COINTENSIVE?

# I applying Dempster Shafer theory, it Is important to
check on whether the data fit Type 3 model.

precisiation Bimodal
Type 1

NL precisiation Bimodal
description Type 2
of problem — 1

\ precisiation Bimodal | Dempster-
Type 3 |Shafer

= Caveat: In many cases the colntensive (well-fitting)
precisiand {(model) of a problem statement is
bimodai distribution of Type 1 rather than Type 3
{Demspter-Shafer)

124
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BASIC BIMODAL DISTRIBUTION (BMD) (Type 1)
(PERCEPTION-BASED PROBABILITY
DISTRIBUTION)

X is a real-valued random variable
probability

A, Ay A,

BMD: P(X) = Pi\A; + PiplA, + PryVA,
Prob {X is A} is Py,
P{X)= lowlsmall + high\medium + low\large

125

INTERPOLATION OF A BASIC BIMODAL
p DISTRIBUTION (TYPE 1)

Vi gfu): probability density of X

A, A, A A

n

p,is P, : granular value of p,, i=1, ..., n
(P, A),i=1,...,n aregiven

A is given

(7P, A)
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INTERPOLATION MODULE AND PROBABILITY
MODULE

OPERATIONS ON BIMODAL DISTRIBUTIONS

P(X) defines possibilify distribution of g

problem

- L

a) wne%ﬂre expected value of X
™.

\‘: N
L
128
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EXPECTED VALUE OF A BIMODAL
DISTRIBUTION

E(P%=[,ug(u)du=1(g)

Extension Principle
Hegon(V) =sufz (1, (1, 1o (W)g(u)du) .- -
Ag (1 1, (U)gu)du)

subjectto: v = |, ug(u )du

SUMMATION

» addition of significant gquestion-answering
capability to search engines is a complex,
open-ended problem

» Incremental progress, but not much more, Is
achievable through the use of bivalent-logic-
based methods

» to achieve significant progress, it is imperative
to develop and employ hew methods based on
computing with words, protoform theory,
precisiated natural language and
computational theory of precisiation of
meaning

» The centerpiece of hew methods is the concept
of a generalized constraint

79



Series: Electrotechnics, Electronics, Automatic
Control and Computer Science, Vol. 2, No. 2, 2085N 1584-9198

80

































