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Abstract

We wish to improve modeling in first-order logic (FOL) by using
object-oriented tools. To this end, we describe Object-Oriented
First-Order Logic (OOFOL), which is a simple extension of FOL.
It does not surpass the expressive power of FOL, but it provides
object-oriented tools to the knowledge engineer. In OOFOL, ob-
jects are theories that are connected via interface vocabularies
to other objects, classes are used to provide a reusable logical
template, and inheritance is used to adapt classes to specialized
tasks. We show that this logic has a simple semantics provided
by FOL. A variant of the logic that allows links between the ob-
jects to be unidirectional is also examined. We call this variant
Directed Object-Oriented First-Order Logic (Directed OOFOL).
We show that such a system can be given semantics using Cir-
cumscription.

Our new tools facilitate the object-oriented design of theo-
ries. We demonstrate this through a few applications taken from
model-based reasoning, theories of action and cognitive robotics.
These examples also demonstrate the use of the object-oriented
methodology and tools for the construction of first-order theo-
ries. We conclude with proposed specialized inference algorithms
for these logics.



1 Introduction

This paper is about modeling in First-Order Logic (FOL) and the tools
needed for it. FOL provides a richness of representation, but does not nec-
essarily make change and reuse easy. The difficulty of building and reusing
first-order theories is visible in the obstacles encountered in such areas as
Commonsense Reasoning, Knowledge Reuse and Formal Verification. On
the other hand, the Object-Oriented paradigm has proved to be successful
at facilitating software engineering, database engineering and knowledge
engineering. (e.g., [28, 36, 5, 30, 26]).

In this paper, we propose adding object-oriented tools to FOL. We show
that our extension does not increase the expressive power of FOL by giv-
ing it a simple semantics using FOL. A second extension that also allows
for directionality of influence is shown to be semantically characterizable
using Circumscription. In these logics, classes are theories equipped with
interfaces, objects are copies of their classes with links to other objects, and
inheritance is used to define classes that specialize their parents. We show
the existence of efficient inference algorithms for both logics.

We show that the extensions we provide are suitable and sufficient for
several application areas. We do so by building example theories for phys-
ical systems (following the model-based reasoning approach), hierarchical
domain models, theories of action and modeling agents.

The combination of object-oriented ideas and logical knowledge repre-
sentation is not new. Frame systems (e.g., KRYPTON/KL-ONE [5]), Con-
text Systems (e.g., CycL [30]), Object-Oriented Prolog dialects (e.g., Pro-
log++ [39]) and logics describing object-oriented programs and databases
(e.g., [25, 28, 32]) are examples. Still, frame systems do not have the theo-
retical framework or tools to support object-oriented design in FOL. Most
remarkably, frame systems either have no semantic difference between a
FOL axiom associated with one frame’s ABox or another frame’s ABox
(e.g., Ontolingua [20, 14]), or there is such a difference, but the semantics
is complicated (context-supported CycL). Our work is applicable to these
systems.

We expand on this comparison at end of this paper. Before that, Sec-
tions 2, 3, 4 and 5 describe the motivation and structures of our approach,
the syntax and semantics, several applications, and entailment methods, re-
spectively. Throughout this paper, we treat logic as an engineering tool
and view it through the eyes of an engineer. This approach influences our
design decisions, as will be evident.

2 An Object-Oriented Approach to Logic

The intuition behind our approach to Object-Oriented logic is that a the-
ory can be presented as a collection of theories communicating with one
another via interface vocabularies. From this point of view, a theory is a
graph of smaller theories (the graph is possibly directed). If the interface
vocabularies are small, there is a significant performance improvement over



ordinary FOL theories because of the algorithms that can be applied. Also,
the directionality of such interfaces allows us to restrict inconsistencies
from influencing other parts of the theory. Modifications in the internals
of these theories have only local impact, an impact that is circumscribed by
the interface vocabularies.

A Cup Object Links
fﬁ = {has_handle, faces_up, 4 > h /
faces_down, has_liquid, broken 8 |7 %
location, in, on, room218} % =
A = {faces-up = —faces_-down g 1 %
faces_down = —has_liquid @ 8’
broken = —has_liquid .@ c
—broken = Jp.location = in(p) g i — é
Vlocation = on(p)} =
N .

Figure 1: A Cup object.

We describe the structure of objects through a simple example. The
Cup object, depicted in Figure 1, describes some of the characteristics of
a typical cup. As with other objects, it has a vocabulary, a set of axioms,
an interface vocabulary and a set of links to other objects. In its simple
form (non-directional), a link specifies an equality between two interface-
vocabulary symbols in two respective objects.

A Cup Object Interface Interface A Liquid Object
B\
L= has_liquid in_cup £ = {leeesion,
location cup_pos A = {in.cup =
A = location =
in in cup_pos,
) L

Figure 2: Connecting Cup and Liquid objects.

In Figure 2 two linked objects are presented. Some of the interface
symbols of the Cup object are linked to the interface symbols of the Lig-
uid object. The link specifies that has_liquid in the object Cup has the
same semantics as in_cup in the object Liquid. The same goes with the
pairs location, cup_pos and in,in. From a first-order logic perspective
it is as if we added the equality/equivalence axioms Cup.has liquid =
Liquid.in_cup, Cup.location = Liquid.cup_pos and Vz(Cup.in(x) =
Liquid.in(z)).t

From an automated reasoning perspective, describing a theory as a set
of objects allows the following style of reasoning: All objects generate
consequences in parallel, sending results to those other objects interested in
them. These results are then incorporated into the theorem-proving process

LAll of this machinery can be seen as a special case of similar techniques used in context
theories such as [17]. More on that in Section 6.



of the receiving objects. Axioms sent from object to object are restricted to
the communication vocabulary, but the language is full FOL. For example,
look again at Figure 2 on the preceding page. If an object Liquid has a link
to the Cupl object that includes has liquid, location,in (on the side of
Cupl), then a sentence like has_liquid = Jp location = in(p) will be
translated and sent to Liquid in the form in_cup = 3x cup_pos = in(z).

The use of fixed interfaces allows the encapsulation of the internals
of objects. This way, we can add or replace internal axioms with higher-
grain axioms, describing the type of liquid, the heat, the degrees of tilt of
the cup or the material of which the cup is made. Since we can expect
the interface to remain the same, we can verify the change by examining
changes to results in the interface, paying less attention to other internal
results (possibly applying the techniques of [24]).

To allow reuse of theories and following object-oriented design tradi-
tion, we define a class to be a “template” of objects. A class can be thought
of as an object without specified links. Alternatively, an object is simply a
copy of its class with links to other objects. We allow different uses of two
objects of the same class in the same theory (linked to possibly different
objects).

The Covered Cup Class
4 O )
[SESH
Lovered-Cup = Lcup U {cover_on, has liquid’ E’S
Q
ACovered_Cup = (AC'up)[has_liquid/has_liquid’]U Il
{hasliquid’ = has-liquid, g
faces_down A —cover_on = —hasliquid O
broken = —has_liquid} g 3
SO
o N

Figure 3: A subclass of the Cup class.

Inheritance is yet another object-oriented tool used in many KR sys-
tems. It is sometimes reasoned about using nonmonotonic reasoning sys-
tems (e.g., [33, 37, 42]). In contrast, we implement inheritance of a class
from its parent class outside the logic, as we are interested in it as an engi-
neering tool.

Figure 3 describes Covered_Cup, a subclass of Cup; the inherited part
is underlined. A subclass inherits all the axioms and vocabulary of its super-
class, but may add symbols to the vocabulary and the interface vocabulary
and may also add axioms. To enable the subsumption of axioms, we allow
symbols used in the superclass to be replaced by new symbols (i.e., the sub-
sumption of axioms is done by subsuming symbols?). In our example, the
symbol has_liquid is substituted by has_liquid’ in all of Ac,, to allow for
a new definition for has_liquid.

This kind of inheritance is similar to inheritance in Object-Oriented
programming languages, where the interface of the subclass must include

2This enables the reuse of superclass results in the subclass.



the interface of the superclass, but may implement some of the internals
differently. This definition allows the specialization of a class by adding
more detail in its subclasses.

3 Object-Oriented FOL

In what follows, we use some notations that are common in object-oriented
programming languages, namely, Obj.c (or N.c) to refer to the symbol cin
the object Obj (with the name N). For simplicity of exposition, we shall
not define classes and objects recursively (i.e., classes whose theories are
themselves OOFOL theories). A recursive definition may sometimes be
useful, but it requires only a simple technical step and makes our notations
significantly more dense. Thus, this definition is omitted, but we note that
all the results that follow hold for this more general case.

First, we define our language: classes and objects, interfaces, links and
theories. Unless otherwise mentioned, all languages mentioned are full
first-order.

A Class C is a tuple (L, Ac,Zc) corresponding to an FOL vocabu-
lary (L), a set of FOL axioms (A¢) in this language, and Zo C L¢, the
interface vocabulary of C.

An OOFOL Theory T is a set of statements

Object(C, N, L),

(defining an object) where C'is a class reference (a class description as
above, or a reference to such a description), N is a unique name for the
object (typically a string of symbols) and L is a linking relation L =
{(P;, N;, Qi) }i<n that specifies the links between this object and other ob-
jects in the theory. Here P; is a symbol in the interface vocabulary of C', N;
is a name of another object in T', and Q); is an interface symbol of this other
object. This way, an object is simply “declared” to be in the theory. We
assume that no statement in 7" refers to a name V; (in the linking relation)
for which no corresponding object exists in 7.

3.1 FOL Semantics

Unlike object-oriented approaches to logic that use context (see Section 6),
we take advantage of the limited expressivity of our language (we cannot
guantify over objects) and the limited interaction among our objects to give
a simple FOL semantics to OOFOL theories.

We define the semantics by making objects have mutually exclusive
vocabularies and viewing the links as equality/equivalence assertions. For
an OOFOL theory T, define £L(T) = {N.P | Object(C,N,L) € T, P €
Lc}. This language gives a unique vocabulary for each object in 7. We
apply a simple translation into this vocabulary (replacing P by N.P in the
axioms of the object IV for each symbol P in its vocabulary) and add the



equality/equivalence assertions:

T= {(Ac)ip/n.piPece) | Object(C,N, L) € T} U
(V2 (N.P(Z) = N'.P(?)) |Object(C, N, L) € T, L(P,N', P')}
1)

where “=" means “=" if P, P’ are function symbols, and = may be of
arity 0 (if P, P’ are propositional or constant symbols).

An OOFOL structure in the language £(T') is structure of £(T) as an
FOL language.

Definition 3.1 (FOL Semantics for OOFOL) Let T be an OOFOL the-
ory and let M be an OOFOL structure of £(T'). A formula ¢ € L is
satisfied in M, written M |= ¢, iff M satisfies ¢ in the FOL sense.

M is amodel of T', written M |= T iff M |= T (in the FOL sense).

In other words, the semantics of an OOFOL theory as an undirected
graph of connected theories has the links state equality/equivalence among
symbols and otherwise has the theory behave like an FOL theory.

EXAMPLE  If T is the OOFOL theory containing the two connected
objects from Figure 2, then

T = {Object(Cup, Cupl, {(has_liquid, Liquidl,in_cup),
(location, Liquidl, cup_pos), (in, Liquidl,in)}),
Object(Liquid, Liquidl,{})}

The equality/equivalence sentences that we add in defining T and T7s se-
mantics are:

Cupl.has_liquid = Liquidl.in_cup
Cupl.location = Liquidl.cup_pos
Vz(Cupl.in(z) = Ligquidl.in(x)).

Notice that the definition of Liquidl above did not include any links, be-
cause the links were already specified for Cupl. =

3.2 Directional Semantics

The previous section gave semantics that is sufficient to represent an object-
oriented system that has no direction associated with the links in the objects
graph. From a procedural perspective, this approach corresponds to allow-
ing influence to flow in both directions of a link. In Figure 2, if we proved
Cupl.has_liquid, then we can infer Liquidl.in_cup and vice versa.

Sometimes, we would like to have the influence go in only one direc-
tion. For example, we may want to allow different accuracies of reason-
ing in two connected objects O, Os. Accuracy here means that although
something of interest to O; may come up in O», we prefer to have O ig-
nore it. Abstractions and approximations are examples of such differences
in accuracy. This ability to ignore influence is of particular importance in
time-dependent tasks.



To give directional semantics to OOFOL theories, we convert the equiv-
alence/equality axioms that we added in Section 3.1 into defaults. This is
done simply by adding abnormality predicates in front of each link equal-
ity/equivalence. We later Circumscribe these abnormalities. The circum-
scription will be done for each pair of linked objects separately. Thus, we
write the corresponding formula to (1) for each pair separately:

A(O1,02) = {(Ac,)(p/ni. PiPece,) | 1= 1,2}V
{V?(Ale,Pl,NZ_P2(?) = NIPI(?) = NQPQ(?)) |L2(P2,N1,P1)}
)

where O; = Object(Ci, N;, L,)

We use Circumscription [33] for our semantics. Circumscription is a
method for nonmonotonic reasoning in which, given a set of axioms 7', the
extensions of some predicate symbols P are minimized while some other
symbols @ are allowed to vary their semantics. This is achieved by replac-
ing 7" with the second-order formula (or FOL schema) C'irc[T ?y, Z)'p]:

T(P, Q) AP, PP, ?)AP <P =7 =P.

In the following semantics, to have influence flow in only one direction,
we circumscribe the abnormality predicates Abo, o, (the set of all abnor-
mality predicates in 2((01, 0>)) in the axioms of the object-pair, ﬁ(Ol, 0,).
We allow only the symbols of O4 to vary, thus allowing influence to flow
from O; to O, but not vice versa.

Definition 3.2 (Directional Semantics) We say that M is a Directed OOFOL
model of an OOFOL theory T, written M =p T, iff

ME /\ Circ[ﬂ(Ol, 02); Abo,,0,; L(02)]
01,02€T

We define M =p pand T |=p ¢, foraformula ¢ € £(T), as usual.

Roughly speaking, in this definition, the links of Os serve as inputs
and the links of O; serve as outputs. This distinction is made precise by
allowing the circumscription to vary only £(O), holding £(O1).

O 1 Interface Interface 02
£y = {4} S | L={B}
A =10 A A BHQ Ay, = {B}
Nl :“O” :7 7773@ N2 :“O*77

Figure 4: Influence flows from O to Os.

EXAMPLE  Look at Figure 4. We are going to show that influence
between the objects O; and O flows only in the arrow’s direction. As



before, the link Ly (B,” 0", A) roughly says “link my B to O’s A”. Proving
O5.B does not allow us to prove O1.A. Formally,

Circ[B A (—ab= (B <= A));ab; B] |~ A.

This is because the only models (in the propositional language {A, B})
that satisfy B A (mab = (B <= A)) are My = {—A, B,ab}, My =
{A, B,—-ab}, M3 = {A, B,ab}. My, M, are not comparable by the pref-
erence relation of our circumscription because they differ on A (which is
held constant in our circumscription). M, is preferred to M3 and thus we
have two minimal models of our circumscription, one of which does not
satisfy A.

3.3 Inheritance

Unlike nonmonotonic inheritance (as in [38, 25]), inheritance in our system
is treated outside the logic, having the engineer specify its exact use. We
wish to allow three differences between a class and its parent: (1) the child’s
vocabulary and interface vocabulary are expansions of the parent’s; (2) the
child class inherits all the axioms of the parent, subject to the replacement
of non-logical symbols (in all of the axioms in the same way) with some of
the new symbols in the child’s language; and (3) the child class may have
additional axioms.

Formally, for a set of axioms A and non-logical symbols ¢, ¢/, Alesen
is the set of axioms A with every occurrence of the symbol ¢ replaced by
an occurrence of the symbol ¢’. A[cl/c’l,...,cn/cu is similarly defined. A class
C = (L, A,I)isasubclass of C' = (L', A", T")if L' C E’Alcl/c’l,...,cn/cu -

A (n > 0)and Z' C Z. A detailed example is provided in Section 4.1.

4 Applications

The previous section provided the basic tools suggested by the object-
oriented paradigm: classes, objects, interface and inheritance. In this sec-
tion we show that the tools we provided are suitable for object-oriented
design in FOL. The examples that we provide demonstrate the way object-
oriented design can be used in building first-order theories.

4.1 Mode-Based Reasoning

Below, we give a fragment of a theory describing the functionality of a car.
We use qualitative proportionalities (see [15]) to represent the relationships
among different variables of the car (in our case, these are monotonically
increasing and monotonically decreasing functions). Figure 5 on the fol-
lowing page describes some of the classes for this domain and the theory
fragment.

The notation class C1 : C2 indicates that C'1 is a subclass of C2.
For example, we have some knowledge about ordinary brakes systems,
but we also have some specialized knowledge about anti-lock lock brakes



class Qualitative_Proportionalities {
axioms:  Vzy(z > y = rel_pos(z) > rel_pos(y))
Vaey(z > y = relneg(z) < rel_neg(y)) }

class Brakes : Qualitative_Proportionalities {

interface:  apply_force(x)

axioms: Vzy(pedal_pressure(z) A oil_pressure(y) =

apply-force(rel_pos(x) * rel_pos(y)))
pedal_pressure(0) = apply_force(0), oil_pressure(70) }

classABS: Brakes {

interface:  apply_force(x), abs(x)

axioms: Vz(old-apply_force(xz) N x > ABS_step = apply-_force(abs(z)))

inherit: lapply_force/old_apply_force] }

class Tires: Qualitative_Proportionalities {
interface:  bad_traction(wheel), apply_force(x), engine_force(x), brake_force(x)
axioms: Vzy(brake_force(z) A engine_force(y) =
apply-force(rel_pos(y) — rel_pos(x)))
Vwheel(—balanced(wheel) V old(wheel) = bad_traction(wheel))
VYwheel(balanced(wheel) A new(wheel))
Vz(new(z) <= —old(z)) }

class Car : Qualitative_Proportionalities {
interface:  tire_force(z), bad_traction(wheel)
axioms: Jw.bad_traction(w) A tire_traction(t) = t < Good,
Vt(VYw.—-bad_traction(w)) A tire_traction(t) = t = Good
Vfts(tire_force(f) A tire_traction(t) N\ speed(s) =
stop_time(rel_neg(s) * rel_pos(f) = rel_neg(t))) }
Object(ABS, Brakesl, {}).
Object(Tires, Tiresl, {(brakes_force, Brakesl, apply_force)}).
Object(Car, Carl, {(tire_-force, Tiresl, apply_force),
(bad_traction, Tiresl, bad_traction)}).

Figure 5: Some of the classes in the CAR theory and a theory fragment
using these classes.

Tiresl Carl
tire_force
bad_traction

Figure 6: Diagrammatic structure of the CAR theory fragment.

systems (ABS). The class ABS is a subclass of Brakes in which we in-
herit all the axioms of Brakes, replacing the symbol apply_force with
old_apply_force (in those inherited axioms). In this subclass, we also
add one more axiom and add an interface symbol abs. The object named
Brakesl is declared of class ABS, but is used as an instance of class
Brakes. The theory including the three objects Brakesl, Tiresl and Carl
is semantically/diagrammatically depicted in Figure 6.

Using this theory, we can prove that increasing the pressure on the
brakes will make the car stop faster, if we keep the rest constant (e.g., not
increase the pressure on the accelerator). Notice that we chose undirected
semantics (FOL semantics) because influence may flow in both directions
between the objects: A tire explosion may influence the force applied on
the brakes.



4.2 Hierarchical Reasoning

[ High-Level Robot Moves ]

lHigh-Ievel Action

[EI evator Domain + People Interacticﬂ

iDomai n-Specific action

[ Basic/Small Movements ]

Figure 7: A hierarchical decomposition.

Suppose that a robot is given the assignment of navigating from one
office to another. Since the robot’s moves are miniscule and are supposed
to be run and monitored in real-time, reasoning about the entire plan can be
extremely expensive. Adding the requirement that the robot should reason
about the behavior of other objects/agents (e.g., the elevator, doors, etc)
makes brute-force reasoning intractable and knowledge modeling difficult.

With Directed OOFOL one can represent and reason about several lay-
ers of abstraction concurrently (similar to Brooks’ Subsumption architec-
ture [6]), leading to the desired behavior at the low-level sensors/actuators.
To reason about high-level actions, the robot does not need to reason about
the different ways these actions may be realized by lower layers. Figure
7 describes the theory. A more detailed description of a use of a similar
theory is given in [2].

4.3 Action Theories: PMON and Multiple Agents

The temporal logic PMON [40, 23] uses the features and fluents language
L(FL) and has a theory divided into several subtheories: T'opgs (obser-
vations), I's¢p (schedule of events), I'yna (unique names axioms), I'r
(axiomatization of time) and I yc¢ (no-change axiom).

ooc| [oss) [wa [ 7] oo
O///

Figure 8: PMON in Directed OOFOL.

Different axioms are allowed in each category. We refer the reader
to [23] for a relatively recent work on the subject. [23] showed that the
semantics of PMON can be defined by I' yoca AL'ossAT sep A'yn aALTA
Circ[l'sop(Occlude); Occlude; .
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Robot1 Robot2 Robot3

m

Recharge

Robot1’
0

Robot3'

||

Figure 9: Multiple Agents.

Thus, we can represent PMON using the Directed OOFOL theory dis-
played schematically in Figure 8. In this figure, OCC is an object including
the axiom Vz.Occlude(z). The rest of the objects represent their respective
theories.

When we want to reason about several agents, decomposing the domain
according to the different agents and their interactions can yield a signifi-
cant gain in modeling effort and reasoning efficiency.

For example, assume that there are three robots that need to perform
independent tasks but should interact every hour to recharge their batteries.
We can create a class Robot that includes the action theory for that robot
and a class Recharge that includes the action theory for the multiple robots
involved. Each object Robl, Rob2, Rob3, Robl’, Rob2’, Rob3’ is of class
Robot. An action schedule can be given to each of the robots, and the
results of executing these schedules are fed into the Recharge object (of
class Recharge). The results of the recharging process are then fed into the
separate schedules, and the robots may continue in their separate tasks. The
complete picture is depicted in Figure 9.

5 Algorithms

Algorithms for inference in OOFOL and Directional OOFOL may reduce
the theories to the appropriate semantics and perform inference on the re-
sult. We are more interested in algorithms that can take advantage of the
special structure of our theories. We present such an algorithm (each se-
mantics with its own variant) for the special case of totally-ordered theories.
The general case can be reduced to this one using the methods of [3].

5.1 Totally Ordered Theories

We say that an OOFOL theory 7' is totally ordered if the objects in 7" can
be sorted into a chain (Obj, ..., Obj,) such that every object Obj; in the
chain is directionally linked (or simply linked in the FOL-semantics case)
to its predecessor Obj;_1 and there are no other links (i.e., no “loops™).
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For totally ordered theories, we can give equivalent semantics to our Di-

rectional Semantics using Prioritized Circumscription. Define flat(T') =

Uo,0,er(A(0;,0;).
Theorem 5.1 (Equivalent Directional Semantics) LetT = {Obj; }i<,, be
a totally ordered OOFOL theory. M is a model of T iff it is a model of

/\ Circ[flat(T); Abi; Abit1, ..., Aby, L(Objit1), ..., L(Objy)]
i<n
where Ab; = Abo, 0,,,-
PROOF  See Appendix A.L.
Note that the formula above can be written as a single Prioritized Cir-
cumscription formula after the symbols in £(Obj;+1), ..., L(Objy, ) are elim-
inated from the varied part [8].

5.2 Message-Passing

Applying our original intuition from Section 2, the following algorithm
performs inference in one object, passes results to the appropriate objects
and repeats the process in subsequent objects. Various inference methods
can be used to prove a given query in a given object, but for simplicity we
assume forward reasoning and a totally ordered theory T'. We describe the
different variances needed for each of the semantics after describing the
algorithm.

For two objects Obj = Object(C, N, L),Obj’ = Object(C',N', L"),
let Lowj,0p; be the language that includes the set of “linking symbols™ of
Obj,0bj', {P | L'(Q, N, P) for some Q} with equality. For every sen-
tence ¢ in Loy; 0n;7, We say that the translation of ¢ from Obj to Obj’ is
the sentence resulting from following L’ in replacing every symbol N.P in
© by N'.Q such that L'(Q, N, P). L_ is the first-order language with the
relation “=" and no other relation, function or constant symbols. Figure
10 describes our message-passing algorithm. Theorem 5.2 validates our
approach for the FOL semantics.

Theorem 5.2 (Completeness and Soundness for OOFOL) Let T be ato-
tally ordered OOFOL theory, {Obj; }i<n. Let ¢ € L(Obj,,) be a sentence.
T E ¢ if and only if the MESSAGE-PASSING algorithm outputs YES on ¢
given T

ProoOF  Follows immediately from a similar theoremin[3]. =

Theorems 5.3 and 5.5 validate our approach to the Directional Seman-
tics.

Theorem 5.3 Let T be a totally ordered OOFOL theory, {Obj; }i<m, with
Obj; = (Cy, N;, L;). Letn < m, ¢ € L(Obj,) be a sentence and £ =
{peL_|3i>n Obj; =} f T =p ¢ and the circumscriptions involved
in the semantics of 7" are smooth?, then there isa < n and a sequence of

3See [27] for the definition.
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PROCEDURE MESSAGE-PASSING
Given a totally ordered OOFOL theory T = {Obj; }:<m and a query @ whose
symbols are from £(Obj,,) (for some n < m),

1. Concurrently perform consequence finding for each of the objects Obj; €
T with 7 < m.

2. For each i < n, when we prove a formula ¢ € Loy, obj,,,, add the
translation of ¢ from Obj; to Obj; 1 to the set of axioms of Obj; 1.

3. For each n < ¢ < m, when we prove Obj; |= ¢, for ¢ € £L_, add ¢ to
the set of axioms of Obj,,.

4. If we proved @ in Obj,, return YES.

Figure 10: An algorithm for proving Q from a (Directed) OOFOL theory
T by message-passing.

sentences ¢q, ... ,p, Such that E, U {¢,} E ¢, Obj, E ¢, and every
a < Vi < n@; € Lovj;,0bj;,, Such that Obji 11 = ¢ = piy1, Where o
is the translation of ¢; from Obj; to Obj; 1.

PROOF  See Appendix A.2.

Corollary 5.4 (Completeness for Directional Semantics) Let T be a to-
tally ordered OOFOL theory, {Obj; }i<m, and ¢ € L(Obj,,) be a sentence
(n <m). f T =p ¢, then MESSAGE-PASSING will output YES.

For soundness, we need to assume that influence does not “try” to flow
back (i.e., if Oj1 = ¢ forsome p € Lo, 0,,,,thenT\{O; | j < i} = ).

Theorem 5.5 (Soundness for Directional Semantics) Assume that there
are oy, ...,y suchthat k < land Oy = pp and k < Vi <1, ¢; € Lo,;,0:4,
and O; = ¢} = i1, Where ¢/, is the translation of ¢; from O; to O, .
Then, T = ¢;.

PROOF  Since there is no attempt for influence back, we know by
lemma A.4 that T' = Vz.—ab(z) for all the abnormality predicates ab in
our system. We get that the soundness follows from that of entailment in
FOL. m

The ways the two semantics use MESSAGE-PASSING differ in two
ways: (1) for FOL Semantics we can ask queries only from the last ob-
ject in the sequence, Obj,,; and (2) MESSAGE-PASSING is not sound
for Directional Semantics if influence “tries” to flow back, in the sense de-
scribed above. This is because when there is such influence, the semantics
sanctions that it may block influence flow forward (i.e., some of the ab’s
become TRUE), while there is no such block in our algorithm (we always
transfer axioms forward).

It is illuminating to notice the close relationship between our assump-
tion above and the soundness of inference. If we weaken the assumption
to merely state that 7" is consistent with Vz.—ab(z), we immediately find
a counter example to soundness. Take O, = P and Os = —P'V =@/,
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where P, P’ are linked by abp and Q, Q' are linked by abg. Our algo-
rithm will pass P from O; to O,, and we will conclude —Q’ in O5. On
the other hand, according to our directional semantics, —Q’ does not fol-
low from T" = {O1, Oz}, since there is a minimal model M of 7" in which
MEPANQA-P NQ'.

5.3 Branchesand Cycles

To generalize over the totally ordered case, one approach is to rewrite ev-
ery structure into a reduced totally ordered OOFOL theory by aggregating
groups of objects into single objects (a different approach is described in
[3D).

Assume that we have an arbitrary OOFOL theory T' = (Obj;),.7 and
we wish to prove T = ¢, where ¢ € L(Obj;) for some i € I. All we
need to do is to unify objects such that we are left with a new theory 7" that
is totally ordered. Unfortunately, this unification typically results in an in-
creased bandwidth for some of the links among the new objects. Currently,
there is no clear way for sidestepping this caveat.

To see how this happens, see Figure 11. Here we see that, to use the
MESSAGE-PASSING method to prove O4.p vV O4.q, we cannot simply
pass messages from O1 to 02, 03 to O4; rather, we have to unify O, O3
into O), (on the right side of the figure).

Figure 11: An example of joining nodes.

One may think that we can generalize MESSAGE-PASSING to work
for a circular Directed OOFOL theory by simply continuing to transfer for-
mulas from one object to the next until we prove our goal. Unfortunately,
there are instances in which MESSAGE-PASSING is not complete for such
theories.

6 Other Object-Oriented KR Systems

The seemingly closest approach to ours is the work on object-oriented Pro-
log (O-O Prolog) (e.g., [41] and [39]). Obviously, full FOL expressivity is
different from Horn clauses with the Closed World Assumption. More in-
terestingly, Prolog and FOL raise different challenges for object-oriented
approaches. O-O Prolog structures are built using a programming per-
spective, whereas OOFOL structures are built emphasizing a representation
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perspective. Also, the program flow in O-O Prolog is identical to the pro-
gram flow in ordinary Prolog. In contrast, the object-oriented structures in
OOFOL present guidelines for theorem proving flow which do not exist in
FOL. The object structure gives heuristic information to the theorem prover
on how to aggregate computation and what information should flow from
object to object. Such information is not used in O-O Prologs.

Another close approach is Frame Systems. Currently, there is no ade-
quate object-oriented approach for full FOL in Frame systems. KRYPTON
/ KL-ONE [5], one of the early Frame systems, had an A-Box part that al-
lowed arbitrary FOL sentences to be stated. This structure was completely
flat and had nothing of the object structure that we gave to our OOFOL.
Ontolingua [20, 14] which is one of the most expressive Frame systems to
date, allows different sentences to be associated with each frame. Unlike
OOFOL, there is no difference between a sentence put in one frame and
the same sentence put in a different frame in Ontolingua [13]. In particular,
there is no “scope” in which the axiom is active/inactive. The situation is
similar in other frame systems such as [9] (for a recent survey see [16]).
Frame systems also traditionally use only a restricted form of the axiom
inheritance used in this paper (for the A-Box part of these systems). Over-
riding is achieved (if at all) using nonmonotonic techniques.

The field of description logics (e.g., [4, 11]) grew out of the interest in
generalizing frame systems and giving them clear semantics and tractable
algorithms. Subsets of FOL that are computationally tractable are discussed
in the context of describing objects. In contrast, our approach to describing
objects is not restricted to relations that include this object and those related
to it. We follow the object-oriented approach devised by programming lan-
guages in which objects serve as landmarks around which one builds the
application/theory. This results in a different approach to object-oriented
design than that applied in description logics, together with unlimited first-
order logic expressivity.

Compared to the approaches for formalizing context (e.g., McCarthy’s
[34], CycL [30, 22, 21, 29] and QLC [7]), our logic allows only prescribed
connections between the different objects (contexts usually have no restric-
tions), and instead of appealing to modalities for representing the different
theories (or other special-purpose semantics as in [18, 17, 19] (using local-
models semantics for the undirected case and proof-theoretic semantics for
the directed case)), we use a simple FOL semantics for the undirected case
and Circumscriptive/Preferential semantics for the directional case. Our
semantics also has one universe of elements, whereas contexts are usually
considered to have distinct domains of elements. For OOFOL we devised
much more efficient general-purpose algorithms than those available for
context systems (see [30, 3]).

In sum, no other approach to date describes the application of object-
oriented design in first-order logic. In addition, to date there is no other
approach to logic that supplies the tools needed for object-oriented design
without abandoning the original first-order logic semantics.

Other knowledge-representation language that have contributed some
intuitions to this work and are related to object-oriented designs are [25,
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26, 28, 32].

7 Conclusions

Object-Oriented Design is a proven method in software engineering. Its
benefits range from ease of change and composition, aggregation of re-
lated information into the same place, information encapsulation and hid-
ing. These benefits make software construction a much less tedious process,
allowing software to be larger and more robust.

We presented an object-oriented approach to First-Order Logic. We
showed that our approach can be captured by a simple FOL semantics
in the undirected case and a simple circumscriptive semantics in the di-
rectional case. These semantics are especially simple compared to previ-
ous approaches to decomposing logical theories into small fragments. We
demonstrated several applications of our logics and showed how object-
oriented design can be facilitated by the tools we provided. Finally, we
proposed efficient inference algorithms for both logics.

Compared to unstructured FOL, the object-oriented constructs encour-
age the knowledge engineer to aggregate knowledge for a particular use in
one place, hiding most of the details of the implementation from the out-
side world by the provision of minimal interfaces. These interfaces limit
the impact of internal-object changes on the rest of the theory. To allow for
knowledge reuse, information integration and better knowledge engineer-
ing, FOL needs to be used with a structured methodology. In this work we
demonstrated one such methodology and provided the tools needed for its
application.

An application of this work to situation calculus [35] appears in [1].
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A Proofs

A.1 Equivalent Semanticsfor Directional OOFOL

The proof relies on the following lemma. It says that we can weaken the
circumscribed theory or the set of varied constant symbols without losing
models.

Lemma A.1 Let A be a FOL theory and P, Z, Z' be vectors of non-logical
symbols, and assume P has only predicates. For a structure M, if M =
Circ|A; P; Z,Z'], then M |= Circ[A; P; Z].



16

PROOF  Let M |= Circ[A; P; Z, Z']. Then M is a <%Z'-minimal
model satisfying A (M <F%%" M' «— (|M|=|M'|AYC ¢ PUZU
Z',cM = cM' A PM C PMY) If M' <P%%" M such that M’ = A,
then |M’| = |M|, PM < PM’ and for every constant symbol C not in
P,Z,7',CM = CM', Thus, in particular, for every constant symbol C not
inP,Z,CM = M’ Therefore M’ <% M and we have contradiction to
M being <F3%Z"_minimal model satisfying A. m

The converse is not true, as it entails monotonicity of circumscription.
For our specific case, though, we can get a version of the opposite direction.

Let A(Obj) = A(Obj,0bj) and L(Obj) = L(A(Obj)).
Our theorem can be restated as follows.

Theorem A.2 Let T be a totally ordered OOFOL theory. M is a model of

N Circ[A(O;, Oit1); Abi; £(Oi41)]

i<n
if and only if it is @ model of
Nicn Circ[flat(T); Abs; Abiy, .. Abn, £(O41), .. L(On)].

PrROOF  The backward direction follows directly from lemma A.1
and noticing that

Circ[flat(T); Aby; L(O;41)] = Circ[A(O;, Oit1); Abi; L(Oi41)] A flat(T)

(See formula (3.2) in [31]).
For the forward direction, assume that

M ): /\an CiT‘C[A(Oj, Oj+1); Abj; E(Oj+1)], and
M l;é Circ[flat(T); 14()17 Abi+1, ceey Abn, £(0i+1), ceey E(On)]

for some ¢ < n. Let ¢ be the first (smallest) such index. For brevity, let
us write Z for Ab;i1, ..., Ab,, L(Objit1), ..., L(Objn). M = flat(T),
because flat(T) = |J; A(O;, Oi11). Thus, there is a model M’ <A4bZ M
such that M’ |= flat(T).

Take M" such that |[M"| = | M| (i.e., they have the same universe),
the interpretation of all the symbols of £(7T") other than £(O;41), Ab; is
identical to M and the interpretation of £(O;41), Ab; is as in M’ (this is
sound since |M'| = | M| by the conditions of M’ <4%Z Mr).

M" <AbiAbir1,L(Oi1) M because | M| = |M"|, CM = CM" for ev-
ery constant symbol C not in £(0;1) (since this is how we set the interpre-
tation for these symbols in M) and AbM" C AbM (since M’ <A%3Z M)

To see that M" = A(O;, Oi41), notice that M is identical to M’ on
L(A(O;,0i41)). _
Thus, M is not a model of Circ[A(O;, Oiy1); Abi; £(O;41)], contra-

dicting our assumption. =
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A.2 Completeness Proof for Directional OOFOL

To prove the completeness theorem for MESSAGE-PASSING (Theorem
5.3), we need several lemmas.

Lemma A.3 Let Oy, 05 be two objects and M a model of 2((01,02).
Assume that for every sentence ¢ € Lo, 0,, M |= ¢ iff M |= ¢, where ¢/
is the translation of ¢ from O; to O,. Then, there is a model A/ such that
for all ab € Abo, 0,, N |= Va.—ab(z) and N <A4%01.02:£(02) pq,

PROOF  Assume that £ has a single sort, that the only link between
01, O4 is a single predicate Py, P» of O1, O,, respectively, whose param-
eter is a single variable (we generalize over all of these assumptions at the
end of the proof).

Let ||M]|| denote the cardinality (finite or infinite) of the universe of
M and, for a predicate P, let |P|™ denote the cardinality of {z | = €
M| PM(x)}.

If |PM = |PMand |PFM = [PV (Po(x) <= —P(x)),
take f to be a bijection from | M| to itself such that f is a 1-1 and onto
mapping of the elements of P on those of P*. Let A/ have the same
universe and the same interpretation of £(O) as M. For every relation
Rin £L(0y), let RN (x4, ...,x1) <= RM(f(x1),..., f(z})). Finally, let
Vo € |N].—ab" (). This model is easily seen to be the required one.

Otherwise, |P|[M # |Py|M or |PEM # |PsIM. If there is a model
M’ of Og such that |[M| = |[M’| and the cardinalities of P, P§ match
those of Py, Pf as above, then we take N\ as in the previous case, setting
RN(z1,..,x) < RM'(f(x1),..., f(z1)), when f is a bijection as
above between | M| and |M’| that is 1-1 and onto from |PM| to |PM).
Finally, let Vz € |NV].—ab" (). This model is again easily seen to be the
required one.

Otherwise, let «, x’, k" stand for the cardinalities of | M
(PE)M, respectively.

Assume that all of «, ', x” are finite. Then, since there is no model
M’ as above, there is a formula &, in £(O2) that stands for “there are
x many elements”, for each of «,x’,k”. Then, Oy | & = (—€u (P2) V
&, (Ps)). This formula is exactly such a ¢’ for which ¢ (the O;-version of
¢') satisfies O [~ ¢ (because M is a counter example of ¢). Contradicting
our assumption that in M every sentence ¢ € Lo, 0, is equivalent to ¢'.

If  is infinite, then that means that every infinite model of O, satisfies
= =& (Pa) V& (Ps), where £ in L(O5) stands for “there are " many
elements such that ...” If all the finite models of O satisfy —) then this is
a contradiction to the fact that FOL cannot express “there are finitely-many
elements” (by the Lowenheim-Skolem Theorem (see p.141 in [12])). Thus,
there are finite cardinalities v, v/, v” such that Oy = &) = (—¢s/(P2) V
=&, (Ps)). Butthis is again a formula ¢’ for which ¢ satisfies O; £ ¢ (M
is a counter example to ¢). This is a contradiction to our assumption that in
M every sentence ¢ € Lo, 0, is equivalent to ¢'.

To generalize over the assumptions we made at the beginning of our
proof, we need to first be able to extend the arity of the parameters of Py, P,

, (P and
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to n. This can be done using a new sort of elements that are vectors of such
arity. Having the goal being stated in that sort and then “translated” to and
from it to the different layers gives us the required reduction. To add more
links (ab’s between other nonlogical symbols), it is simple to consider the
links as extending the arity of the single formula P;. Finally, to add constant
symbols and functions, notice that they are all representable using relations
inthe language. =

The following seemingly innocent lemma is central to our theory as it
assures that every ab that can not be proved FALSE has a provable reason. It
is also particularly difficult to prove because for an arbitrary circumscribed
formula it may be the case that ab has no explicit definition coming out of
the circumscription.

Lemma A4 If Circ[A(O1,02); Abo,,0,; L(O2)] = Vz—ab(zx) for some
ab € Abo, 0,, then there is ¢ € Lo, 0, such that O; = ¢ and Oy = ¢/,
where ¢’ is the translation of ¢ from O to Os.

Furthermore, if O} is the result of adding all such ¢’s to the axioms of

O1, then Circ[A(O}, O2); Abo, 0,; L(02)] = Va—ab(x).

PROOF  Assume that forevery ¢ € Lo, 0,, 02 E ¢ = O1 = ¢.
Let us take a model M of the circumscription in which ab(a) is true for
some assignment a. We show that there is a model that is preferred over M
(thus reaching a contradiction).

If, for every sentence ¢ € Lo,,0,, M = ¢ iff M = ¢ (¢ trans-
lated as above), then Lemma A.3 guarantees the existence of a model A of
A(O1, 0,) such that N/ <4b01,02:£(02) A4, Contradiction.

Take @ = {¢ € Lo,,0, | M = ¢}. If &' (the translation of & from
01 to Os) is consistent with O, then there is a model M’ in which every
sentence ¢ € Lo, o, satisfies M" = ¢ iff M’ = ¢'. Take such a model
M’ so that it also has the same universe as M, the same interpretation for
L(07) and M’ = Vax.ab(z) (this is possible because the interpretations
for £(01) and £(O2) are independent given Vz.ab(z), and if there is no
such model, then we found a sentence ¢ such that O; ¥~ ¢ and Oy =
¢’ (similar argument to the one given in the proof of Lemma A.3)). M’
satisfies the conditions of Lemma A.3, and thus there is a model A/ that
satisfies Vz.—ab(z), keeps the same interpretation for £(O;) and has the
same universe of elements as M. Contradiction.

If ' is inconsistent with A(O>), then there is a finite subset of it, P/,
that is inconsistent with A(O5) (by compactness of FOL). Let ¢’ = A\ &
Then, O; = —¢', and —¢ is the formula promised by our lemma.

For the second part of the lemma, let O be the result of adding all those
¢ to O1. By the first part, we get that Ciirc[A(O}, Oy); Abo; 0, £(02)] =
Vz—ab(z) because otherwise, there is ¢ that O} does not entail (which
means O; does not entail it) but which Oy does entail, contradicting the
way we built O],  m

The following is Craig’s Interpolation Theorem. It is key to any sepa-
ration used in this paper.
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Theorem A5 ([10]) If o + g, then there is a formula ~ involving only
symbols common to both o and 3, such that « -~y and v F 5.

The following lemma is a single step in our completeness proof.

Lemma A.6 Let T = {O;, O} be a totally ordered OOFOL theory, and
¢ be a sentence in L(O2). If T = ¢, then Oz = ¢, or there is a sentence
Y € Lo,,0, suchthat O =y and Oz = ¢ = ¢.

PROOF  AssumeT = ¢. Then, Circ[A(O1,02); Abo, 0,; L(02)] =
¢. If Oy |= ¢ then we are done. Otherwise, there is a model M of O, such
that M = —o.

Assume first that the circumscription entails Vz.—ab(x). We use Craig’s
Interpolation Theorem (Theorem A.5). Let v=4(01) and B=(A(O1, O2)\
A(O1) U {Vz.—ab(z) | ab € Abo,0,}) = . Since a = S, there is
a formula 4 in the language Lo, 0, (which is the intersection of the two
languages L(«), £(3)), such that o = ¢ and ¢ = (3. By the deduction
theorem for FOL, we get that O, = ¢ and ¥’ A A(O2) = ¢, where ¢’ is
the translation of ¢ from O to Os.

Now we deal with the case that Va.—ab(x) is not provable. Take ® to
be the set of all ¢ guaranteed by lemma A.4. Add @, the to O, to create
O/ . Using the first part, we know that there is a sentence ¢ as required for

1,02. Thus, {¢} U A(O2) E ¢.

Take W to be the set of sentences proved by O in the language Lo, ,0,.
U U P = 4 because A(O1) U @' | ¢ and, by Craig’s Interpolation
Theorem, there is « in the language Lo, o, such that O; = a and a =
@’ = 1), and necessarily ¥ = « (the last sentence conclusion was stated
for the finite ®’. For an infinite case, the compactness of FOL reduces our
conclusion to the one given above).

Take ¥’ to be the translation of ¥ from O; to O,. Then, ¥ U.A(O3) E
©. Take 1 to be the finite subset of ¥’ needed for the proof of ¢. The
corresponding ¢ C W is the formula needed for our lemma. =

The following lemma says that there is no inference back (from objects
further in sequence to those before them). Let £_ be the language including
no constant/function/relation symbols.

Lemma A.7 LetT = {O;}i<m. Assume that all the circumscriptions done
for T" in Definition 3.2 have smooth preference relations (i.e., every model is
either minimal or has a minimal model that is preferred over it). If T' = ¢,
¢ € L(Oy), then

T\{Ojlj 2k} U{glp e LT =4} ¢

PROOF  AssumeT” =T\{O; |j > i}and T" [~ ¢. Then, thereisa
minimal model M = T” such that M F~ ¢ (M = —¢). Since T' |= ¢, M
is not minimal according to one of the circumscriptions, with P minimized
varying Q.

Since we assume that <€ is smooth, there is M’ minimal such that
M <PQ M. But P,Q are not in the language £(0;), because this is a
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circumscription of some j > i. Thus, M’ and M agree on all the symbols
of £(0;), and M’ |= —. Contradiction. =

The proof of the theorem follows.
PROOF  Assume first that n = m. We prove the theorem by induction on
the number of objects in the theory. For the cases n = 1, 2 we have Lemma
A.6 above. Assume that the theorem is proved for all sizes smaller than n,
and we will prove it for n.

Assume T' = ¢. Lemma A.6 deals with the case that ¢ is entailed by
Circ[A(Op—-1,0y); Abo, _1,0,; L(Or)] .

For the case this formula does not entail o, assume that the last circum-
scription entails Vz.—ab(x). Then,

(Aicn—1 Circ[A(Oi, Oit1); Abo,,0,115 L(Ois1)])A
Circ[A(On-1,0n); Abo,_,,0,; L(On)] = ¢

Let &, = {Va.—ab(zx) | ab € Abo, _, .0, }. The above conjunctive formula
is equivalent to

(Ai<g—l CiTC[A(Oi, Oi+1); Ab0i70i+1; E(OH-I)])/\
(A(On-1,0,) UDy) = ¢

LetT" = {O;}icn—1U{O},_1}, where O/, _; is the union of .Z((On_l, On)
and ®,;. By the induction hypothesis, there is the required chain of formu-
las g, ..., on—2 in the system T”. In particular, T' = ¢,,—o and

{90;1—2} U “Z((On—la On) U = ¢

Using Craig’s Interpolation Theorem, there is v in Lo, , o, such that
o o NA(Op—1) E v and ¢’ A A(O,) | . Putting ¢,,—1 = 1 gives us
the required induction step.

Now we deal with the case that Vz.—ab(z) is not provable for some
ab € Abo,,_, 0, Take @ to be the set of all ¢ guaranteed by Lemma A.4.
Add @ to O,,_; to create O],_,. Using the first part, we know that there is
a sequence of sentences as required for the changed system T (replacing
On—1 by O;z—l)'

Take ¢!, _, to be the sentence that is guaranteed for O/,_;, O,,. Thus,
{¢l,_1}UA(O2) = . Take ¥ to be the set of sentences proved by O,,_; in
the language Lo, , .0, YU ®' = ¢!, _, because A(O,—1)UP' = ¢!,
(by Craig’s Interpolation Theorem, there is « in the language Lo, 0,
suchthat 0,1 E aand a = @' = ¢/, and necessarily ¥ = «).

Take U’ to be the translation of ¥ from O,,_; to O,,. Then, ¥ U
A(O,) E ¢n. Take ¢! _; to be the finite subset of ¥’ needed for the
proof of . The corresponding ¢,,—1 C W is the required formula for our
induction step.

Lemma A.7 reduces the case of n £ m to the previous case (n = m).
We only need to notice that {¢p € L_ | T | ¢} = {¢ € L_ | i Obj; =

¢} m



21

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

9]

[10]

[11]

[12]

[13]
[14]

Eyal Amir. (De)composition of situation calculus theories. In
Proc. National Conference on Artificial Intelligence (AAAI *00), pages
456-463. AAAI Press/MIT Press, 2000.

Eyal Amir and Pedrito Maynard-Reid. Logic-based subsumption ar-
chitecture. In Proc. Sixteenth International Joint Conference on Arti-
ficial Intelligence (1JCAI ’99), pages 147-152, 1999.

Eyal Amir and Sheila Mcllraith. Paritition-based logical reasoning. In
Principles of Knowledge Representation and Reasoning: Proc. Sev-
enth Int’l Conference (KR ’2000), pages 389-400. Morgan Kauf-
mann, 2000.

Alex Borgida. On the relative expressiveness of description logics and
predicate logics. Artificial Intelligence, 82(1-2):353-367, 1996.

Ronald J. Brachman, Richard E. Fikes, and Hector J. Levesque.
KRYPTON: A functional approach to knowledge representation.
Computer, 16(10):67-73, October 1983.

Rodney A. Brooks. A robust layered control system for a mobile
robot. IEEE Journal of Robotics and Automation, RA-2(1):14-23,
March 1986.

SaSa Buvac. Quantificational logic of context. In Proc. National Con-
ference on Artificial Intelligence (AAAI *96), 1996.

M. Cadoli, T. Eiter, and G. Gottlob. An efficient method for eliminat-
ing varying predicates from a circumscription. Artificial Intelligence,
54(3):397-410, April 1992.

Peter Clark and Bruce Porter. Building concept representations from
reusable components. In Proc. National Conference on Artificial In-
telligence (AAAI ’97), pages 369-376, 1997.

William Craig. Linear reasoning. a new form of the herbrand-gentzen
theorem. Journal of Symbolic Logic, 22:250-268, 1957.

Francesco M. Donini, Maurizio Lenzerini, Daniele Nardi, and Werner
Nutt. The complexity of concept lanauges. In KR91 Proceedings,
1991.

Herbert B. Enderton. A Mathematical Introduction to Logic. Aca-
demic Press, 1972.

Richard Fikes. Personal communication, 1997.

Richard Fikes, Adam Farquhar, and James Rice. Tools for assembling
modular ontologies in ontolingua. In Proc. National Conference on
Artificial Intelligence (AAAI '97), pages 436-441. AAAI Press, 1997.



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

22

Ken Forbus. Qualitative reasoning. In CRC Handbook of Computer
Science and Engineering. CRC, 1996.

Natalya Fridman-Noy and Carole D. Hafner. The state of the art in
ontology design. Al Magazine, 18(3):53-74, 1997.

Chiara Ghidini and Luciano Serafini. Distributed first order logic. In
Proceedings of Frontiers of Combining Systems (FroCoS’98), Ams-
terdam, October 1998. Also IRST-Technical Report #9804-02.

Fausto Giunchiglia and Chiara Ghidini. Local models semantics,
or contextual reasoning = locality + compatibility. In Principles of
Knowledge Representation and Reasoning: Proc. Sixth Int’l Confer-
ence (KR ’98), 1998.

Fausto Giunchiglia and Luciano Serafini. Multilanguage hierarchical
logics, or: how we can do without modal logics. Artificial Intelli-
gence, 65(1):29-70, 1994.

Thomas R. Gruber. A translation approach to portable ontology spec-
ifications. Knowledge Aquisition, 5(2):199-220, 1993.

R. V. Guha. Contexts: A Formalization and Some Applications. PhD
thesis, Stanford University, 1991. Also published as technical re-
port STAN-CS-91-1399-Thesis, and MCC Technical Report Number
ACT-CYC-423-91.

R. V. Guha and Douglas B. Lenat. Cyc: A midterm report. Al Maga-
zine, 11(3):33-59, 1990.

Joakim Gustafsson and Patrick Doherty. Embracing occlusion in
specifying the indirect effects of actions. In Proc. 5th Intl Conf. on
Knowledge Representation and Reasoning (KR ’'96), pages 87-98,
1996.

Katzumi Inoue. Linear resolution for consequence finding. Artificial
Intelligence, 56(2-3):301-353, August 1992.

Michael Kifer, Georg Lausen, and James Wu. Logical foundations
of object-oriented and frame-based languages. Journal of the ACM,
42(4):741-843, July 1995.

Daphne Koller and Avi Pfeffer. Object-oriented Bayesian networks.
In Proc. of the 13th Conf. on Uncertainty in Artificial Intelligence
(UAI-97), pages 302-313. Morgan Kaufmann, 1997.

Sarit Kraus, Daniel Lehmann, and Menachem Magidor. Nonmono-
tonic Reasoning, Preferential Models and Cumulative Logics. Artifi-
cial Intelligence, 44(1):167-207, 1990.

Georg Lausen and Gottfried Vossen. Models and Languages of
Object-Oriented Databases. Addison-Wesley, 1998.



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

23

Douglas B. Lenat. Cyc: A large-scale investment in knowledge in-
frastructure. Communications of the ACM, 38(11):33-38, 1995.

Douglas B. Lenat and R. V. Guha. Building Large Knowledge-Based
Systems: Representation and Inference in the CYC Project. Addison-
Wesley, 1990.

Vladimir Lifschitz. Circumscription. In J.A.Robinson D.M. Gabbay,
C.J.Hogger, editor, Handbook of Logic in Artificial Intelligence and
Logic Programming, Volume 3: Nonmonotonic Reasoning and Un-
certain Reasoning. Oxford University Press, 1993.

David Maier. A logic for objects. In J. Minker, editor, Workshop on
Foundations of Deductive Databases and Logic Programming, pages
6-26, 1986.

J. McCarthy.  Applications of circumscription to formalizing
common-sense knowledge. Artificial Intelligence, 28:89-118, 1986.

John McCarthy. Notes on Formalizing Context. In IJCAI-93, 1993.
Available on http://www-formal.stanford.edu/jmc/.

John McCarthy and Patrick J. Hayes. Some Philosophical Problems
from the Standpoint of Artificial Intelligence. In B. Meltzer and
D. Michie, editors, Machine Intelligence 4, pages 463-502. Edin-
burgh University Press, 1969.

Bertrand Meyer. Object-Oriented Software Construction. Prentice-
Hall, 2nd edition, 1997.

Leora Morgenstern. Inheriting well-formed formulae in a formula-
agumented semantic network. In Luigia Carlucci Aiello, Jon Doyle,
and Stuart Shapiro, editors, Proc. 5th Intl Conf. on Knowledge Rep-
resentation and Reasoning (KR *96), pages 268-279, San Francisco,
November 5-8 1996. Morgan Kaufmann.

Leora Morgenstern. Inheritance comes of age: Applying honmono-
tonic techniques to problems in industry. Artificial Intelligence,
103(1-2):237-271, 1998.

Chris Moss. Prolog++, The Power of Object-Oriented and Logic
Programming. Addison-Wesley, 1994,

Erik Sandewall. Features and Fluents. Oxford University Press, 1994,

Ehud Shapiro and A. Takeuchi. Object oriented programming in con-
current prolog. New Generation Computing, 1:25-48, 1983.

Richmond Thomason, Jeff Horty, and D. S. Touretzky. A Calculus
for Inheritance in Monotonic Semantic Nets. Research Note CMU-
CS 86-138, Carnegie Mellon, 1986.



