Three-Way Decisions
and
Cognitive Computing

Yiyu Yao

March 25, 2016

EH_; ! Nl'-.l;r:h”'l'i'lt
REGINA

Three-Way Decisions and Cognitive Computing Yiyu Yao



Introduction

! Thanks!

Professor Guoyin Wang

Professor Hong Yu

2016 REFER K =g 11

Visiting professors and visiting students to the University of
Regina

My wife Guili Liu

Three-Way Decisions and Cognitive Computing Yiyu Yao



Introduction Remarks

e Three-Way Decisions (3WD) are a class of human ways to
problem solving and information processing.
e Basic questions:

o Cogpnitive basis of 3WD.
o Cognitive advantages and benefits of 3WD.
e Human-machine systems based on 3WD.
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Introduction Remarks

Three eras of computing:

John E. Kelly Ill, Computing, cognition and the future of knowing, How humans and machines are forging a new

age of understanding, 2015.
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Three-Way Decisions
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http://baike.sogou.com/v112495.htm

Three-way decisions: ¢, #, i
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Three-Way Decisions
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http://baike.baidu.com/view/3536804.htm

Three-way decisions: RUYE, 15, M5 (F6H)
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Three-Way Decisions

We divide the whole into three parts. For example, we divide a
universal set into three regions:

A universal set

[ Region | ) [ Region Il ) [ Region 11 )
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Three-Way Decisions

We use different strategies to process three regions:

A universal set

Trisecting
[ Region | j [ Region Il j [ Region Il1 j
Acting
v v v
‘ Strategy | ‘ ‘ Strategy Il ‘ ‘ Strategy IlI ‘

Ph—%, T ¥, ZCOSRBEA, in: TH, FERKL, 2R3, 2HEL, 1 R, (0E) (SC00E: 2umEskig
FIESEE) B, 6, pp. 1-19, 2015.
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A Trisecting-and-acting Framework of 3WD

Gtrategy |/

Region I

Region |

Trisecting

Acting

Yao, Y.Y., Rough sets and three-way decisions. RSCTC 2015. LNAI 9436, pp. 62-73, 2015.
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Two Basic Components of Three-Way Decisions

e Trisecting: We divide a universal set into three regions.

o Acting: We use different strategies to process three regions
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A Broad Meaning of Three-Way Decisions

We may replace “decisions” in “three-way decisions” by other
words to have specific interpretations/models:

e three-way computing

e three-way processing

o three-way classification

o three-way analysis

o three-way clustering

e three-way recommendation

Y.Y. Yao, Three-way decisions and cognitive computation, 2016
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Research Questions

Is the proposed theory/model reasonable?

Is the proposed theory/model flexible and general enough?

Is the proposed theory/model applicable to real-world
problems?

Am | on the right track?
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Medical Decisions

A set of patients

Trisecting
[ High risk j { Uncertain j { Low risk j

Acting

A4

‘ Treat immediately ‘

v

‘ Do not treat ‘

Y
Further
investigation

Pauker, S.G., Kassirer, J.P.: The threshold approach to clinical decision making. The
New England Journal of Medicine 302, 1109-1117 (1980)
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Triage

o Triage is the process of determining the priority of patients’
treatments based on the severity of their condition.

e Those responsible for the removal of the wounded from a
battlefield or their care afterwards would divide the victims
into three categories:

e Those who are likely to live, regardless of what care they
receive;

e Those who are likely to die, regardless of what care they
receive;

e Those for whom immediate care might make a positive
difference in outcome.

Wikipedia, Triage, http://en.wikipedia.org/wiki/Triage
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Triage

A set of wounded

Trisecting
[ Die j { Die or Survive ] { Survive j
Acting
A A A4
‘ Reduce suffering ‘ ‘ Treat ‘ ‘ Wait ‘
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Editorial Decision

A set of papers

Triecting

[ High quality j {Middle/unsure] { Low quality j

Acting

4

‘ Accept

v
‘ Further ‘

: Reject ‘
review

Weller, A.C.: Editorial Peer Review: Its Strengths and Weaknesses. Information
Today, Inc., Medford (2001)
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Customer Relation Management

A set of customers

Trisecting
[ Positive j { Neutral ] { Negative j
Acting ‘
A > A4
. Education
‘ Retention ‘ (i) ‘ Damage control ‘
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Student Management

A set of students

Trisecting

[ High Grades j {MiddleGrades] { Low Grades j

Acting

Yy Y Y

‘ Scholarship ‘ ‘ Nothing? ‘ ‘ Warning Letter ‘
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Text Analysis

word frequency

~

distinguishing ability
of effective words

effective words

word'’s ranking

C.J. van Rijsbergen, Information Retrieval, Butterworth, London, 1979.

Three-Way Decisions and Cognitive Computing

Yiyu Yao



Text Analysis

A set of terms

Trisecting

[ High Frequency j [Middle Frequency] { Low Frequency j

Acting
Y Y Y

‘ Construct phrases ‘ Nothing ‘ ‘ Build Thesaurus ‘

Salton, G,, McGill, M.H. Introduction to modern information retrieval. New York:

McGraw-Hill, 1983.
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Three-way decisions are everywhere:
Temporal (I [A])

yesterday, today, tomorrow
MER, &K, BIR
e past, present, future

g%, B, Rk
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Three-way decisions are everywhere:
Spatial (Z5[H])

top, middle, bottom,
£ F/AEART, T
front, middle, back
Hi, B /ARG, &
left, center, right

=, FNEAR, A
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Three-way decisions are everywhere:

Size and volume (R T A1

long, medium, short
K, NEARE,
high, medium, low
=, AEAE, 1%
large, medium, small

R, RAFA,
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Three-way decisions are everywhere:
Attitude ()

e positive, neutral, negative

1E, HtE, 1

e accept, non-commitment, reject
5%, ARG, 1E4E
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Three-way decisions are everywhere:
Evaluation (1FEAfT)

yes/right, maybe, no/wrong
JE/XF, FTRE/ANBARE, 4k /& /5
upper/top, middle, lower/bottom
&=, AEAME, 1%

e good, so-so, bad

b, REFAIR, IR
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Research Questions

e Why the theory is meaningful? (Basis)
¢ How to build the theory? (Formulation)
e How to apply the theory? (Utility)
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Cognitive Basis

e Organization and categorization for simplicity.
e Limited human information processing capacity.

e Evolutionary needs for fast decision-making.

Y.Y. Yao, Three-way decisions and cognitive computing, Cognitive Computation, 2016.
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Organization and Categorization

e Humans tend to organize for the sake of simplicity.
o Categorization is essential to mental life.

e Possible results of such organizations are some types of
structures.

¢ In three-way decisions, we have a tri-partition.

S. Pinker, How the Mind Works, WW Norton & Company, New York, 1997.
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Introduction 3WD(Intr) 3WD(Cogn) 3WD(Formu) TTGC

Limited Human Information Processing Capacity

e G.A. Milller (1956), The magical number seven, plus or minus
two: Some limits on our capacity for processing information,
Psychological Review 101, 343-352.

e N. Cowan (2001), The magical number 4 in short-term
memory: A reconsideration of mental storage capacity,
Behavioral and Brain Sciences 24, 87-114.

e The choice of three-way decisions is 3!
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Why 37

e Three is a magical number.

e Three is a widely used number in human perception,
reasoning, and decision-making.

e The choice of three is appropriate.
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The magical number three in human cognition

e Three is the first number with a “beginning, middle, and end.”

e This structure determined by dividing into three is commonly
used, for example, in speeches, writings, planning, etc.
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Warfield, 1988

Given a tri-partition (A, B, C), we consider

e single regions: A, B, C,

e combinations of two regions: (A, B), (A, C), (B, C)
combination of three regions: (A, B, C)

e The total number is 3+ 3 4+ 1 =7, which is exactly seven.

If we use four parts, we would have a total of 4 +6 + 4 + 1 = 15,
which is far more beyond the capacity as suggested by seven.

Warfield JN. The magical number three — plus or minus zero. Cybernetics and

Systems 1988; 19: 339-358.
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Marketing

Versioning strategies often follow a qualitatively three-part
“good-better-best” progression, with increasing number of features
and increasing pricing.

Smith T. Pricing strategy: setting price levels, managing price discounts, and

establishing price structure. Mason, Ohio: South-Western Cengage Learning; 2012.
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Marketing

The optimal number of positive claims is three in order to produce
the most positive impression of a product or a service.

Shu SB, Carlson KA. When three charms but four alarms: identifying the optimal

number of claims in persuasion settings. Journal of Marketing 2014; 78: 127-139.
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Speeches

Lists of three things (e.g., three words, three phrases, or three
sentences) are powerful speech patterns commonly used by great
speakers.

Clayton M. Brilliant influence: what the most influential people know, do and say.

New York: Prentice Hall; 2011.
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Law

The number three forms psychological bases for standards of
decisions.

Clermont KM. Procedure’s magical number three: psychological bases for standards of

decision. Cornell Law Review 1987; 72: 1115-1156.
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Three and other empirical laws

The rule of thirds: to divide a medium into thirds both horizontally
and vertically, (0.00-0.33, 0.33-0.67, 0.67-1.00).

http://digital-photography-school.com/rule-of-thirds/
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Three and other empirical laws

Golden ratio: (0.00-0.382, 0.382-0.618, 0.618-1.00)

http://www.zcool.com.cn/article/ZMTcyNTIO.html
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Three and other empirical laws

Pareto Principle or 20/80 Laws: (20%, 60%, 20%)

http://musicianguide.cn/8020-rule-in-music-social-media-marketing?utm_source=weixin&utm_medium=

mgarticle&utm_campaign=socialmedia
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Introduction 3WD(Intr) 3WD(Cogn) 3WD(Formu) TTGC

Evolutionary Needs for Fast Decision-Making

Two modes of thinking, two systems in the mind:

e System 1 operates automatically and quickly, with little or no
effort and no sense of voluntary control.

e System 2 allocates attention to the effortful mental activities
that demand it, including complex computations.

e Some regions are suitable for system 1 and some for
system 2.
D. Kahneman, Thinking, Fast and Slow, Anchor Canada, 2013.
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Three-Way Decisions: Cognitive Advantages

e Three regions correspond to two extreme points (i.e., the two
polarities) and a middle point.

e Humans can easily determine and process objects that are
instances of the two extreme cases.

e Three presents a small number of regions that are easy to
manage.
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Three-Way Decisions: Benefits

Trade-off between accuracy and cost.

Trade-off between effectiveness and efficiency.

Trade-off between benefits of the majority and the benefits of
a few.

Trade-off between risk of immediately decisions and deferred
decisions.

Three-Way Decisions and Cognitive Computing Yiyu Yao



3WD(Formu)

Research Questions

e How to determine the three regions?

e How to effectively process each region?

e A theory of three-way decisions can be formally
developed.

Y.Y. Yao, An Outline of a Theory of Three-way Decisions, RSCTC 2012, LNCS
(LNAI) 7413, pp. 1-17, 2012.
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3WD(Formu)

Basic ldeas

e Build evaluation functions for dividing objects into three
regions:
e Determine and interpret the values of evaluation functions for
three-way decisions.
e Determine three regions based on evaluation status values.
o Utilize the three regions, that is, process the three regions by
designing best strategies.
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3WD(Formu)

Model 1: A Pair of Poset-based Evaluations
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3WD(Formu)

Model 1: A Pair of Poset-based Evaluations

The three regions are defined by:

L iy (Vave) = {xeU|va(x) € L7 Avi(x) € L},

R o)) = {x€ U va) & L Av(x) € L ),

M(L;r,l_:)(vaa v,) = (POS([_:7L:)(V37 ve) U NEG(L;L:)(va, v,))<

b e Ul () € L Avix) € ;) v
(va(x) € LT Av(x) € L))}
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3WD(Formu)

Model 2: One Poset-based Evaluation

U

Accept

Neither accept nor 1‘ejecl

/ Reject \ IL—

Three-Way Decisions and Cognitive Computing Yiyu Yao



3WD(Formu)

Model 2: One Poset-based Evaluation

The three regions are defined by:

Lty (v) = {xeU|v(x)el"},
Riry(v) = {xeUlvix)el },
M+ 1-)(v) = {xeU|v(x)¢L " Av(x) &L }.
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3WD(Formu)

Model 3: A Totally Ordered Set based Evaluation

Nonconpmitment
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3WD(Formu)

Model 3: A Totally Ordered Set based Evaluation

The three regions are defined by:

L) = xeU|v(x)
Rup() = (xeU|v(x)
Mg (v) = {xeU|B=<v(x)<a}.
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Introduction 3WD(Intr) 3WD(Cogn 3WD(Formu) TTGC

Construction of Evaluations (An Example)

Suppose C = {c1,¢2,...,Cm} are a set of m criteria. Suppose

v, - U — R denotes an evaluation based on criterion v;,

1 < i< m. An overall evaluation function v : U — R may be
simply defined by a linear combination of individual evaluations:

v(x) = wive, (x) + wove, (x) + ... + Wi ve, (X).

Connection to multi-criteria decision making (MCDM)
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Introduction 3WD(Intr) 3WD(Cogn 3WD(Formu) TTGC

Determination of Designated Sets of Values (An
Example)

Let Ri(«, ), Rr(«, 8) and Rp(a, B) denote the risks of the three
regions, respectively. It is reasonable to require that the sets of
designated values are chosen to minimize the following overall risks:

R(c, B) = aRi (e, B) + bRu(av, B) + cRr(a, ).

arg min R(«, B).
g min R(a. f)
Connection to multi-objective decision making (MODM)

Three-Way Decisions and Cognitive Computing Yiyu Yao



TTGC

A Triarchic Theory of Granular Computing

Granular computing is an emerging field of study that
explores different levels of granularity in thinking, problem
solving, and information processing.

Y.Y. Yao, A triarchic theory of granular computing, Granular Computing, 2016.

http://link.springer.com/article/10.1007/s41066-015-0011-0
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TTGC

The granular computing triangle

Philosophy

Structured thinking

Methodology Mechanism
Structured problem Structured information
solving processing

Three-Way Decisions and Cognitive Computing Yiyu Yao



Granular structures

’

/' Highest level

Middle levels
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TTGC

An example
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TTGC

Main ldeas

e Focus on the essential of the problem.

o Not distracted by irrelevant details.
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Basic principles of sequential three-way decisions

- examine the problem at a finer granulation
level with more detailed information when there is a
need or benefit for doing so.”

Yao, Y.Y.: Granular computing: Basic issues and possible solutions. In:
Proceedings of the 5th Joint Conference on Information Sciences, vol. 1,
pp. 186—89 (2000)
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Basic principles of sequential three-way decisions

make a decision “at a finer granulation level with
more detailed information when there is a need or
benefit for doing so.”

Yao, Y.Y.: Granular Computing and Sequential Three-Way Decisions.
RSKT 2013, LNCS (LNALI), vol. 8171, pp. 16-27
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Basic ingredients of sequential TWD

Multiple levels of granularity.

Multiple descriptions of objects.

Multiple evaluations of objects.

Three-way decisions at a particular level.

Sequential three-way decisions at multiple levels.
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Multiple levels of granularity.

e There are n+ 1, n > 1, levels of granularity. For simplicity, we
use the index set {0,1,2,...,n} to denote the n+ 1 levels,
with O representing the finest granularity (i.e., the ground
level) and n the coarsest granularity.

Three-Way Decisions and Cognitive Computing Yiyu Yao



Multiple levels of granularity

e There are n+ 1, n > 1, levels of granularity. For simplicity, we
use the index set {0,1,2,...,n} to denote the n+ 1 levels,
with O representing the finest granularity (i.e., the ground
level) and n the coarsest granularity.
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Multiple descriptions of objects

e We have n+ 1 distinct representations and descriptions of the
same object at different levels. Suppose

Desp(x) < Desi(x) = ... = Desp(x), (1)

is a sequence of descriptions of object x € U with respect to
n+ 1 levels of granularity.

e The relation < denotes a “finer than” relationship between
different descriptions. There are n+ 1, n > 1, levels of
granularity.
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Multiple evaluations of objects

e Let v;, 0 < i < n, denote an evaluation at level i whose values
are from a totally ordered sets (L;, <;).

Three-Way Decisions and Cognitive Computing Yiyu Yao



Introduction 3WD(Intr) 3WD(Cogn 3WD(Formu) TTGC S3WD

Three-way decisions at a particular level

e Suppose Uj11 is the set of objects with a non-commitment
decision from level j + 1.

e For level n, we use the entire set U as the set of objects with
a non-commitment decision, i.e., Up11 = U.

e For level i, 1 < < n, we can choose a pair of thresholds
«j, Bi € L; with 5; <; «j. Three-way decision making can be
expressed as:

POS(4,5)(vi) = {x € Uit1 | vi(Des;(x))
NEG(q, 5)(vi) = {x € Uis1 | vi(Des;(x))
BND(QI’B,.)(V,') = {X (S U,'+1 | ﬁ,’ =i v,( (

e The boundary region gives set of objects with a
non-commitment decision, namely, U; = BNDq, 3,)(vi).
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Sequential TWD

Input: A set of objects U, a family of descriptions for each object {Des;(x)}, a set of evaluations {v;}, and a set
of pairs of thresholds {(c;, 8;)};
Output: Two regions POS and NEG;

1 begin

2 POS = 0;

3 NEG = 0;

4 i=n

5 Upp1 = U;

6 U = 0;

7 while U 1 # 0 and i > 0 do

8 POS(q;,p;) (Vi) = {x € Uiy | vi(Desj(x)) =j o };
9 NEG(q;,8;,)(vi) = {x € Vi1 | vi(Desi(x)) =i Bi};
10 BND(qo,,6,)(vi) = {x € U1 | Bi <i vi(Desj(x)) <j aj};
11 POS = POS U POS(4, 5)(%);

12 NEG = NEG U NEG(q, 5,)(%);

13 U = BND(ai,ﬂ,‘)(Vi);

14 i=i—1

15 if Up # 0 then

16 POS4;(v) = {x € U | vo(Deso(x)) = 70}:

17 NEG,(v) = {x € U | wp(Deso(x)) < vo};

18 POS = POS U POS; (v);

19 | NEG = NEG U NEGq (v);

20 return POS, NEG;
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An Example of Multilevel Granular Structure

e Scientific paper:

Title

Section headings
Subsection headings
Abstract

Introduction 4 conclusion
Full paper
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Reading as S3WD

ot

Section
heading

ot

Subsection
heading

Write your paper carefully so other researchers will read and

find it useful.
Three-Way Decisions and Cognitive Computing Yiyu Yao




Another Example of Multilevel Granular Structure

e Email:
Sender
Subject
Text

[ )
[ )
[ )
e Attachments

Three-Way Decisions and Cognitive Computing Yiyu Yao



Spam Filtering as S3WD

Sender

Subject

o

Text

J.L. Li, X.F. Deng, Y.Y. Yao, Multistage email spam filtering based on three-way
decisions, RSKT 2013, 313-324, 2013.
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3WD&BD

Three-Way Decisions and Granular Big Data

e Application of multiple levels of description of data and
multiple data-processing and data-analyzing models.
e Three-way selection of useful data:
o Useful
e Possibly useful
e Non-useful
e Sequential three-way granular data analytics:

e Multilevel analysis
e Data selection
e Model selection

Three-Way Decisions and Cognitive Computing Yiyu Yao



Introduction 3WD(Intr) 3WD(Cogn 3WD(Formu) TTGC S3WD 3WD&BD

Three-way Data Selection

Pareto principle (also known as the 80-20 rule, the law of the
vital few, and the principle of factor sparsity):
e for many events, roughly 80% of the effects come from 20%
of the causes:

80% of a company'’s profits come from 20% of its customers.
80% of a company'’s sales come from 20% of its products.
20% the code has 80% of the errors.

20% of the books are borrowed 80% of the time.

e 20% of the data are sufficient 80% of the time.

e How to select useful data?

Three-Way Decisions and Cognitive Computing Yiyu Yao



3WD&BD

Three-way Data Selection

Pareto Principle or 20/80 Laws:

http://musicianguide.cn/8020-rule-in-music-social-media-marketing?utm_source=weixin&utm_medium=

mgarticle&utm_campaign=socialmedia
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3WD&BD

Three-Way Data Selection

A data set
Trisecting
[ Useful ] { Possibly Useful ] { Non-useful ]
Acting
A A A4
‘ High value ‘ ‘ Middle value ‘ ‘ Low value ‘
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3WD&BD

Three-way Data Selection

Pareto Principle or 20/80 Laws:

Lazaridis, |. and Mehrotra, S. Progressive approximate aggregate queries with a multi-resolution tree structure,

2001 ACM SIGMOD, pp. 401-412, 2001.
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3WD&BD

Sequential three-way granular data analytics

Describe data at multiple levels of granularity.

Design models for processing data at different level of
granulaity.

Make decisions at each levels from some object and delay
decision-making for other objects.
For deferred decisions:

e use more complex model, and
e use more detailed description of data,
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3WD(Res)

Special Models of Three-Way Decisions

Rough Sets

Interval Sets

Three-way Approximations of Fuzzy Sets
Shadowed Sets
e Three-way Bayesian Confirmation

Orthopairs (pairs of disjoint sets, set pairs)
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3WD(Res)

Examples of 3WD research

e Theories and Models of 3WD
o Cluster Analysis

o Classification

e Email Spam Filtering

e Government Decision-Making
e Decision-Support Systems

e Sentiment Analysis

e Abnormality Detection
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3WD(Res)

Three Chinese Books

B

® Hong, Y., Wang, G.Y,, Li, T.R,, Liang, J.Y., Miao, D.Q., Yao, Y.Y. (Eds.)
Three-way Decisions: Methods and Practice of Complex Problem Solving,
Science Press, Beijing, 2015
Tk, EERL, R, BE, W3R h—1. =300 G RARRAR S SR, Rl HE, B3, 2015

® Liu, D, Li, T.R.,, Miao, D.Q., Wang, G.Y., Liang, J.Y. (Eds.), Three-way
Decisions and Granular Computing, Science Press, Beijing, China, 2013.
X E, EXRH, WEE, EEEL BEL, ZXOUESHITE, b RlegHRE, 2013,

® Jia, X.Y., Shang, L., Zhou, X.Z., Liang, J.Y., Miao, D.Q., Wang, G.Y., Li, T.R,,
Zhang, Y.P. (Eds.), Theory of Three-way Decisions and Application, Nanjing
University Press, Nanjing, China, 2012.
BE—, wBk, @, R, w3k, TEEL ERE, kT, =SSR SN, B ERA
AL, 2012,
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3WD(Res)

Special Issue
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Conclusion

Concluding Remarks

Three-Way Decisions are everywhere.

Three-Way Decisions offer a new paradigm of decision making.

There still does not exist a general theory of 3WD.

There are both opportunities and challenges:

e More need to be done.
e More can be done.
e A question that remains is “HOW?"
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Conclusion

How?

Welcome the participant of the bright minds that are
presented here today.
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Conclusion

Current Research on Three-Way Decisions
http://www2.cs.uregina.ca/~twd/
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Conclusion

Thank you! !

Region Il1
(Strategy Ill)

For more information, see
http://www.cs.uregina.ca/~yyao
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