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ABSTRACT

The application of strongly introspective theories to formalization of reasoning
about computational vision problems is investigated. Strongly introspective epis-
temic theories are used as the specification language for representing and interpret-
ing visual knowledge. The construction of an epistemic specification is viewed as a
stepwise expansion of an epistemic theory Ty by disjunctive definitions D,,...,D,
of new predicates. The interpretation of an image is defined as the world view of
an epistemic theory representing the deductive knowledge base of the image do-
main knowledge, scene domain knowledge, and mapping relations between the two

domains. An algorithm is presented that constructs the unique world view of epis-

temic theory Ty + D, where T} is an epistemic specification with one world view

and D is a disjunctive definition of new predicates w.r.t. theory 7. Application of
the algorithm is demonstrated for simple vision problems. This work is compared
to that of Reiter, in which classical logic is used to specify the knowledge base for

image depiction and interpretation.

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TEXALD AX Cfte SVQERL?
e A

ITITTONT - > or

.
b@esitn.



TABLE OF CONTENTS

LISTOF FIGURES ..o vii
Chapter
1 INTRODUCTION ............coooooiiii 1
1.1 Knowledge Representation and Logic Programming ............ 2
1.2 Organization of Thesis ................................ . 4
2. EPISTEMIC SPECIFICATIONS ............................ 6 !’
2.1 Definitions ............. e e e e 6 g j
2.2 Stratifying Disjunctive Definitions ........................_ 11 5
28 Algorithm 1 ... 18 g
3. REPRESENTING VISUAL KNOWLEDGE ................... 30 E
3.1 Image Domain ...................o 32 :
8.2 Scene Domain ... 35
3.3 Image-Scene Domain Mappings ......................... .. . .. 35
3.4 Image Interpretation .................................. 38
4 APPLICATIONS .......................... .. 42 ;
4.1 Specification and Interpretation of a Well-Specified Image ..... 42
4.2 Ambiguity in Image Depiction ............................ 44 :
4.3 Build the World View of Epistemic Specification Ty ......... .. 48 ;
4.4 Querying the Belief Sets of Ta oo 51 J
5 Future Work ... 54 «%
6. CONCLUSION ... 57 ?
REFERENCES ..o 60 §
Appendix ... 62 j
]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A. CORRECTNESS PROOF FOR UNIQUENESS AXIOM ...........
CURRICULUM VITAE ..............................

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

IT Y OF TEXAD AX L VY

P .
BRICIId ~ p o vm e a e



LIST OF FIGURES

Figure
3.1 Sample Sketch Maps ...................................... 30
3.2 Image Domain Taxonomy .................. 32
3.3 Image Domain Predicate Relationships .......................... .. 33
3.4 Closed Loop Sketch Map ... 34
3.5 Scene Domain Taxonomy ............o.oooii 35
3.6 Image-Scene Domain Mappings ...........oooooiii 36
4.1 Reiter’s Sketch Map ...................coooo 43
4.2 Uncertainty in an Image ... 44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1
INTRODUCTION

Knowledge representation is one of the most important fields of research in arti-
ficial intelligence. It is fundamental to any computational pursuit. How information
is symbolically represented has profound effect on the mechanization of problem
solving. In recent years, there has been considerable research into the study of the
applicability of logic programming based formalisms to knowledge representation.
(For a review, see [Kowalski 90], [Przymusinska and Przymusinski 90], [Przymusin-
ski 89].) This thesis examines the use of logic programming for representing and
interpreting visual knowledge. The primary emphasis of this research focuses on
the use of logic programming as a specification language for computational vision
problems.

[Reiter and Mackworth 89] examines the use of classical logic as a foundation
for addressing the problem of depiction and image interpretation in a visual knowl-
edge representation system. This research paper was the first to present a precise
definition of the concept of an interpretation of an image. This was a very important
development, since without such a definition, there is no way to determine whether
a computational vision system is sound or complete. One of the major purposes of
this thesis is to provide a definition of image interpretation in logic programming.

This thesis hypothesizes that logic programming offers significant advantages
over classical logic as a specification language for coﬁputationd vision problems.
One advantage of using logic programming as a specification language is that, in
an ideal logic programming system, new information is added to a knowledge rep-

resentation system simply by adding new rules or new facts to the system. - With

1
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2
classical logic, existing statements often have to be deleted and then replaced. It
is also easier to handle exceptional conditions with logic programming. This thesis
investigates the premise that logic programming allows an easier and more natural

approach to the mechanization of computational vision problems than is possible

with classical logic.

1.1. Knowledge Representation and Logic Programming

There are many logic programming based formalisms for knowledge represen-

tation. The development of knowledge systems that support this thesis require

a formalism which provides sufficient flexibility for depicting and reasoning about

TY OF TEXAD AX IE SRR

computational vision problems. It would be convenient to use Prolog as the specifi-

cation language for visual knowledge systems, since it is also a good logic program-

SN

ming implementation language for a large class of problems. However, Prolog has

AT IRy

neither sufficient power nor expressiveness for this task. In particular, negative and
disjunctive statements are required. The representation of theories with classical
negation or with rules containing disjunctive conclusions is beyond the capability

of Prolog programs. A more expressive form of logic programming is needed.

"The language of strongly introspeci:ive epistemic theories developed by Michael
Gelfond [Gelfond 91] was selected for the specification of computational vision prob-
lems in this thesis. This language contains the basic features of Prolog, but also ;
allows representation of both negative and disjunctive statements. It differs from
the language of classical logic in that it contains a new set of logical connectives.
rI.‘heories developed in this language, i.e. epistemic theories, can express both the
notion of classical negation and negation as failure of Prolog. They also handle

disjunctive information in a fairly natural manner. Knowledge represented in an
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epistemic theory can be reasoned about by mechanically constructing sets of beliefs
from the theory. Epistemic knowledge systems and belief sets can also be used for

explaining observations.

The framework proposed in [Reiter and Mackworth 89] for specifying a knowl-
edge base for depiction and image interpretation was constructed in classical first-
order logic. It provided the foundation for the development of a methodology for
interpreting simple scenes from hand drawn (sketch) maps of geographical regions.

To illustrate the use of logic programming for visual knowledge representation, this

research, like that of Reiter and Mackworth, focuses on the depiction and image

EXAD AX 0t RYHEES

interpretation of simple maps. However, the methodology of the two approaches

differs considerably.

ST xx or *.

Reiter and Mackworth used classical logic to define the notion of an image
interpretation. First, the knowledge domain of a simple map image was divided
into two distinct areas:

1. An image domain, which defines and describes a, hand-drawn sketch map.

2. A scene domain, which describes real-world geographic objects that are mapped

to objects described in the image domain.

Using classical first-order logic, image, scene and mapping axioms were developed.
These axioms were then used to express both the graphical knowledge from a sketch
map and the underlying assumptions about maps in general. Using this methodol-
ogy, an interpretation of a map is a model of image, scene and mapping axioms.

| The research in this thesis also begins with image and scene domains and
mapping relationships between the two. But rather than using classical logic as

the specification language, logic programming with strongly introspective epistemic
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specifications is used. Epistemic theories are built which represent the deductive
knowledge base described by simple maps. An interpretation of a map described
by an epistemic theory is a belief set of the theory. It will be shown that there is a
natural correspondence between this notion of interpretation and that described by
Reiter and Mackworth. Examples given will illustrate that both formalisms produce

the same interpretations.

Other researchers are also investigating the field of depiction and image inter-
pretation originally studied by Reiter and Mackworth. [Poole 90] discusses the use

of a system that uses a simple form of hypothetical reasoning for solving computa-

T OF TRXAD AX L 2GR

tional vision problems. Although also based on classical logic, Poole’s methodology

differs from both Reiter and Mackworth'’s and that described in this thesis. His

SPATTINT.

methodology requires background knowledge about vision problems to be provided
by statements of facts, defaults, and conjectures. Specific knowledge about a par-
ticular image is added as observations. The system then abduces explanations of
the observations. Poole used this approach to provide explanations of the sketch
map problem of [Reiter and Mackworth 89]. He considered Reiter and Mackworth’s
image-scene domain mapping axioms and general map knowledge axioms to be facts.
Conjectures were open formulas for ob jects of the scene domain. Observations de-
scribed the image domain of the specific sketch map. Poole demonstrated that the
hypothetical reasoning system generated explanations that corresponded exactly
to the interpretations of Reiter and Mackworth. But he left open the question of
which of the two formalizms is better able to be expanded into more complicated

and realistic domains.

1.2. Organization of Thesis
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Chapter 2 reviews the basic definitions of epistemic logic as developed in [Gel-
fond 91]. It also presents an algorithm for mechanically constructing world views
of epistemic specifications.

Chapter 3 defines the notion of an interpretation of a map described by an
epistemic theory and provides an illustrative example of the construction of the
epistemic specification and image interpretation of a simple sketch map.

Chapter 4 describes examples of constructing epistemic specifications for im-
ages depicting incompletely described scenes. This chapter shows how epistemic

logic can model concepts (such as ambiguity) that cannot be easily handled by

classical logic.

ITY OF TEAXAZ AX [3h WY

Chapter 5 provides recommendations and suggestions for further research.

SRR

Chapter 6 concludes with a discussion of some of the advantages and dis-

advantages of using strongly introspective epistemic specifications for knowledge

representation.

A
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Chapter 2
EPISTEMIC SPECIFICATIONS

The language of epistemic theories is used in this thesis as the formalism for
visual knowledge representation. One of its major advantages over other logic pro-
gramming based formalisms for knowledge representation is that epistemic specifi-
cations are designed to allow reasoning about worlds with incomplete informatic_)n.
They allow expression of the notion of uncertainty, as well as the existence of de-
fault knowledge and the concepts of having knowledge that may be believed and

knowledge that is known to be true.

TT OF TREEAD AX 0@ ERNET

The notion of epistemic specification was introduced in [Gelfond 91]. The

SATTINT,

remainder of this paper uses the extended language £ introduced there. Section 2.1

starts by reviewing basic definitions from this paper.

2.1 Definitions

Consider a language £y consisting of predicate symbols p,g,..., object vari-
ables, function symbols, connectives &, -, 3, and the modal operator K. Terms
and formulas of £y are defined in the usual way. Formulas of the form p(t)
where ¢ is a term are called atoms. Literals are atoms and their strong negations
(e-g- p(t), —p(t)). Literals not containing variables will be called ground. The set

of all ground literals is denoted by Lit.

Consider a collection A = {A:} of sets of ground objective literals and a set
W of such literals. (A can be thought of as a collection of possible belief sets of
a reasoner while W represents his current (working) set of beliefs.) The notion of

truth (=) and falsity (=|) of formulas of Lo w.r.t. a pair M =< A, W > is defined

6
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inductively:
Definition 1
M E= p(a) iff p(a) € W. ;
M = KF iff < A, Ay > F for every Ay from A
ME=F&GfM=Fand M =G
M |= 3z F iff there is a ground term ¢ such that M k& F(t)
Mk -Fiff M =|F

———

M =|p(a) iff -p(a) e W
M =|KF iff < A, Ay >=| F for some Ay from A

ITY OF TRXAD AX L85 KN

M =|F&G iff M =|F or M =|G
M =|3zF iff for every ground term ¢, M =| F(¢)
M=|-FifMF

ST,
T

Let language Lo be expanded by the connectives or and V and a modal operator M

(where MF is read as “F may be believed”) defined as follows:

MF iff -K~-F
For G iff =(-F & -G)
VzF iff =3z-F

Formulas of the expanded language £ not containing modal operators are called
objective formulas while those starting with K or M are called sub jective.

It is easy to see tha;t according to the definition above, the truth of sub jective
sentences does not depend on W while the truth of objective ones does not depend
on A, i.e., there is a notion of objective formula being true (false) in W and sub-

jective formula being true (false) in A. The former is denoted by W = F (W =| F)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



