Presentation

Deutsch: Presentation is intended to encompass nota-
tions and languages for expressing models. This ses-
sion will focus on the linguistic and notational
choices made in particular approaches. Emphasis will
be placed on common ideas. For example, there have been
some assertions fromproponents of the predicate calcu-
lus that it is a notation that is capable of expressing
essentially all the interesting and important concepts
that are encountered in other notations. Emphasis will
also be placed on why the design choices were made, why
things are being represented a certainway, and what the
effectsof those choiceswere.

The purpose of this workshop is to try to bring us all
closer together. Trying to bring us to a common termi-
nology is something I don't have much hope for at this
point. However, getting us to recognize in other areas
problems and solutions we have encountered in our own
work is something that I think is very possible, and I
think it has happened already to a certain extent. I see
that asagoal of this session.

The main body of the sessionwill consist of short pres-
entations that emphasize linguistic or notational
choices. I will begin by offering the following taxo-
nomic framework as a structure for comparing the vari-
ous approaches.
Levels of viewpoint - I think there are useful dis-
tinctions to be made about whether the language
claims to be discussing objects in the real world,
or claims to be discussing representation of those
objects in the machine, or the operational organi-
zation of the system. Inmy opinion, AI has made the
biggest attempt to distinguish between these lev-
els. InPL systems there has beenmore of an attempt
to disassociate them, that is, the choices made by
the language designer have tended tobe ina differ-
ent realm from the choices available to the program
writer. In the DB world I see a trend from keeping
them separate towards merging them together, that
is, treating what has been called a data dictionary
in a way more similar to the rest of the data repre-
sented in the data base. So, when someone starts
talking about their language or notation, they
might say something about which of these levels they
areaddressing.
Target population - Different languages are ad-
dressed todifferent kinds of users: systemdesign-
ers and builders, application designers and build-
ers, systeminstance administrators, endusers.
Purpose of notation - There are four kinds of empha-
sis, not necessarily disjoint, that one finds in
different kinds of notations: specification, im-
plementation, validation and communication. One
might want to say something about where the emphasis
liesintheir notation.
Underlying formal structures - I happen to be of a
school that believes that mathematical structures
can be sound formally. So, I encourage people to
talk about the mathematical structures underlying
their notations. Here are some examples: predicate
calculus, algebras, sets and mappings, rewrite
rulesystems.
Procedural/descriptive emphasis - Thisusedtobea
tremendous source of argumentation in the AT commu-~
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nity. There is the question of whether a given lan-
guage is focussing on describing data, or proce-
dures or relationships among things. Of course,
every language will have to deal with all three to
some extent.

Primitive constructs, combining forms - Here my
imagination failed me somewhat. But, some examples
of primitive constructs are: various kinds of vari-
ables and constants, primitive operations, primi-
tive functionals. Some examples of combining forms
are: functional composition, type constructors,
mapping/function/relation constructors. There
may not be asharpdistinctionbetweentheprimitive
constructs and the combining forms.

Abstraction relationships - I have taken the liber-
ty of extracting some various kinds of abstraction
mentioned in Michael Brodie's paper. These are:
generalization/specialization,
classification/instantiation,
aggregation/decomposition and association. There
was a fifth one whose meaning I didn't understand,
and thereforeI leftitout.

These are some dimensions along which people might find
it helpful to classify their languages and constructs.
The remainder of the sessionwill consist of short pres-
entations by Charles Rich, Ray Reiter, John Sowa, Jaime
Carbonell, MartinFeather and Pat Hayes.

THE PLAN CALCULUS

Rich: The notation that I am going to talk about is a
diagrammatic formalism that we have developed in the
Programmer's Apprentice project at MIT. The notation
has mostly been used to represent programs and abstrac-
tions of programs, so it is a program design language.
The notation is called "Plan calculus". One purpose of
the notation is to capture a collection of programming
cliches that can then be used as input to a program
transformationprocess tosolveagivenproblem.

I am going to explain the primitive types, the ways of
composing them and, finally, the notation that we use
for abstraction. There are basically three primitive
types: (1) IOSpecs, whose instances are called opera-
tions, (2) Test Specs, whose instances are called
tests, and (3) Primitive object types such as integers,
sequences, atoms, etc.

The basic compositional method that we use is the gath-
ering together of a set of named parts and constraints on
those parts. Inparticular, if the parts are all primi-
tive objects or compositions of primitive objects, the
resulting composite type is called a data plan. In-
stances of data plans are data structures. A simple
example of adataplanisa "pair" where the two partsare
called "left" and "right"”. An example of a data plan
with constraints would be an ordered pair, where the
left and right parts are both numbers, and the left part
is less than the right part. The composite type consist-
ing of both data structures and input/output or test
specifications is called a temporal plan. Instances of
temporal plans are computations, things that include
time anddatastructures.



The final notion I will talk about is called an overlay.
Overlays may be used to represent different points of
view, such as the relationship between an abstract de-
scription and an implementation of it, or program
transformation relationships between two types of
temporal plans. Anoverlay is a triple, consisting of
two plans and a correspondencebetween them.

Levesque: Is adata structure an example of a data plan?
(Rich) No. It is an instance. It is a type/token rela-
tionship. (Levesque) What is another instance of adata
plan? (Rich) Eachdataplanis atype, and each instance
of the data plan is an instance of that type. I may have
many different types. "Triple" is also a data plan. A
particular triplelike<1, 2, 3> isadatastructure.

ADiagrammatic Formalism

Rich: The presentation of plans is an important aspect
of the Plan Calculus. We have found it very useful to
have a diagrammatic formalism for representing
(abstract) plans. The system stores the plans in an
encoded form, but we found a more topological presenta-
tioneasier toworkwith.

An example of a data plan for a type called SEGMENT is
shown in the following figure (Rich-1).
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Rich-1

SEGMENT has two parts, called base and index. The type
of base is sequence and the type of index is natural num-
ber, and there is a constraint between the parts that the
index is less than or equal to the length of the base. An
instance of this data plan would be a particular se-
quence. This type might be used to implement stacks or
queues.

Thatcher: Is there any way in your notation that “nat"
couldbe replacedby "T"?

Rich: Yes. There is a type hierarchy. In fact, in the
dataplaninfigureRich-1, "object" isused as theunion
(type) of all the primitive types. So, it is not quite
parameterization, but there are various specializa-
tion relationships that will allow you to talk about a
list whose head is a 1ist of integers, in which case you
wouldsay that thehead is specificallyaninteger.

Figure Rich-2 shows a list which is a data plan having
twoparts, headand tail. The head is anobject, the tail
isalistand therearenoother constraints.

Hitchcock: What would this actually look like in
machine-readable form?

Rich: That's totally implementation dependent and
couldbe done threeor fourdifferent ways.

Hardgrave: Is there any distinction between the fact
that you've got "1list” inside the box in lower case let-
ters and the "LIST" outside the box in upper case?
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Rich: No. In fact they are the same. The case is not im-
portant. What is important is that thisisarecursively
defined type. In fact, there is a bit of notation we use
for recursively defined types. We denote the recursive
part by the little squiggle to the left of tail, which is
the symbol for inductioninelectronics.

Thatcher: Can you tell us what goes inside the dotted
lines. It looks like what I would call a signature but
with operations and what arguments they take and what
values they produce.

Rich: Intuitively, these part names are functions of
theobjects. Theyare theprimitiveparts.

Figure Rich-3 is an example of a temporal plan for
BUMP+UPDATE.

A Temporal Plan
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Rich-3

Let me go through it because there is a fair bit of de-
tail. This plan captures a programming cliche that



takes an array and a pointer, stores a new element at the
place pointed to and adds one to the pointer. The square
boxes are operation boxes, and the arrows coming in are
inputs, and the arrows coming out are outputs. There are
two uses in this diagram of the SEGMENT example we saw
before. At the top level this diagram shows four parts,
named "o1d", "update", "bump", and "new." Each part has
a type: old is a segment, update is a store operation,
bump is an instance of add1, and new is a segment. The
important constraints here are data flow and control.
There aren't any examples here of control flow, because
that really only becomes important when you have tests.
The arrows are data flow arrows. The intuitive idea is
that the base sequence of the old segment is input to a
store operation, and the output of the store operation
becomes the base sequence of the new segment. The store
operation has three inputs: the old sequence, the in-
dex, and the object tobe stored.

Overlays

Rich: Figure Rich-4 is an example of an overlay. Anov-—
erlay is an expression of a relationship between two
different points of view. Each point of view is repre-
sented as a plan. This figure is an example of an imple-
mentation point of view. The plan on the right-hand-
side is a plan for a push operation. It has three data

parts: theold list, the input (which is the object tobe
pushed) and the new list which is output. On the left we
have theplan fromRich-3.

An Overlay

segment >list

segment >list

oo

BUMP+STORE PUSH

Rich-4

The overlay specifies the correspondences between the
two diagrams [i.e., the links crossing the center
line]. This overlay says that an instance of the planon
the right can be viewed as an instance of the plan on the
left via the indicated correspondences. The input to
the update part of BUMP+STORE corresponds to (can be
viewed as implementing) the object being pushed onto
the list inPUSH. This is a straight equality correspon-
dence. Similarly, the old segment can be viewed as im-
plementing the old list. The blank box on the right-
hand-side of the diagram represents another overlay,
not detailed here. It would be a formal expression of
the implementation of a list using a sequence and a
pointer.

Every overlay has a name. BUMP+STORE>PUSH is the name of
this overlay. The correspondence between segments and
lists is specified by SEGMENT>LIST which is used to
build the BUMP+STORE>PUSH overlay. Naming allows an
overlay to have multiple occurances in a plan.

SEGMENT>LIST is used twice: once to show that the old
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part of BUMP+STORE can be viewed as the old list accord-
ing tothis overlay, and again to show the the newpart of
BUMP+STORE, which is also a segment, can be viewed as a
new list alsoaccording to the same overlay. Basically,
overlays are used to represent all relationships be-
tweenplans, other thanspecialization.

Balzer: Isn't there an additional constraint in the
fact that segment does have to be the same down below as
itwouldbeusedas input totheplan?

Rich: Well, no, because on the right-hand-side the old
list and the new list in this particular formulation do
not have tobe the same. This isaveryabstract PUSH. You
are getting a new list out. You can have amore refined
version of push to which you can add the constraint that
the old list is identical to the new list. In that case
youwould add the constraint that this sequence is equal
to that sequence and you would have a specialized ver-
sionof thewholeoverlay.

ALOGICALVIEW

Reiter: I amgoing to try to convince you of the virtues
of predicate logic as a language for the representation
of world knowledge. The pun in the title of this talk is
intended. This figure, Reiter-1, illustrateshowfirst
order logic (FOL) canbeused torepresent adatabase.

variables: x,y,z,x1,y1,21,...
Constants: a,b,John-Doe,ship33,...
Predicates: SUPPLIES(e,e) ,EMPLOYEE(e),...
Logical Constants: »,A,V, -
Quantifiers: Vx,3Ix,V¥y,3y,...
Well Formed Formulae:
SUPPLIES (Acme,ship33)
EMPLOYEE (John-Doe)
Vx [EMPLOYEE (x) HUMAN (x) ]
Vx,y,z [SUPPLIES (x,y) ASUBPART (z,Yy)
= SUPPLIES (x,2)]
Vx [EMPLOYEE (X)) AMALE (x)
= -PREGNANCY-BENEFITS (x) ]

Reiter-1

We start with variables, constants, predicates, logi-
cal constants, and quantifiers. Then, there are some
examples of well-formed formulae. Finally, a data base
is defined as any finite set of formulae in first order
logic. Clearly, very fewof us in this roomare prepared
to implement a system for such a totally unstructured
notionof data. So, what we would typicallywant todois
to introduce a variety of data models which will put
suitable restrictions on this completely unrestricted
notionof "database".

D. Smith: What is the intended purpose of this kind of
notation?

Reiter: The purpose is tomodel the real world somehow.
The audience is all of you.

D. Smith: Would you show a specification like this toan
end user who wants to write a query against that data
base?

Reiter: No. I wouldnot want to showanything like this.
This would have to be appropriately sugared up with
fancy syntax. But I donot see that as adeficiency. The
predicate logic form is the underlying representation
language. It is quite possible to reformulate the lan-
guage in a syntactically nice, sugared way for end
users. Iamnotreallyaddressingthat issue.



The Adequacy of FOL

Hitchcock: Is it adequate, in fact, to express what you
want to express? I am thinking of the predicate
"ancestor", which is a transitive closure, which is not
afirst-orderoperation.

Deutsch: You cannot represent generic transitive clo-
sure, but you can represent any particular transitive
closure.

Reiter: Right. I can represent transitivity of any
particular relation. For example, I cansay that if xis
the ancestorof yandy is the ancestor of z, thenx is the
ancestorof z.

Hitchcock: The problem with ancestor is it can entail
many generations.

Reiter: Youcanrecursivelyapply that again.

Sowa: Youcandefine the ancestor of human ancestor, but
you can't define a general ancestor operator that will
take any transitive relation and create a new ancestor
of that. So you can't create ancestor in first order
predicate calculus. However, for any particular rela-
tionyoucan.

Hardgrave: Dont youalsoneedset theory?
Reiter: No, I am using FOL to represent the content of
the data base. I amnot trying togive thedefinition of

"database" itselfwithin first-order logic.

Hardgrave: But, youwill need set theory tomanipulate
sets of objects.

DataModels asRestrictions onFOL

Reiter: This completely unstructured notion of data-
base is altogether too rich for any reasonable system
implementation. What is clearly required is some ap-
propriate notion of restriction that we can apply to a
class of databases, soas tocomeupwith computational-
ly reasonable implementations of database systems.
Data models then simply correspond to imposing appro-
priate requirements on the class of data bases which
will be investigated. Let me give a few examples of how
we can impose requirements soas torestrict theclassof
databases wewant to consider.

TY pes

Reiter: The first thing I want tomention is the notion
of type, and how we can introduce it into this framework
that I have defined. A type is simply a distinguished
unary predicate. You just have to decide what unary
predicates you want to distinguish and then call them
types. Examples are EMPLOYEE, SUPPLIER, and so forth.
Having fixed on a set of types, thenwithin this formal-
ismyoucanrepresent most of the things youreallywould
liketo. It issimple torepresent subtypes using impli-
cations, asin

Vx [EMPLOYEE (x) » HUMAN(x)].
Disjointness canbe represented, as in

Vx - [MALE(x) A FEMALE (x) ]
And new types canbe defined as arbitrary boolean combi-
nations of old types, as in

Vx [BACHELOR (x) = MALE(x) A SINGLE (x) ]
So you can build up a type hierarchy in a very straight-
forwardway.

Balzer: I don't understand how this places a require-
ment on a database, how it places a restriction on what
is possible todo.
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Reiter: It reallyhasn'tyet.

Rich: More than that, how does it make things more effi-
cient. That's thewholegame, right?

Reiter: Efficiency would be purchased in part by impos-
ing certainrestrictions onhow the types are tobe used.
Iwill come tothispointabit later.

Thatcher: Are yougoing back seven years and saying that
types aresets?

Reiter: No, I amsaying that types are unary predicates.
I amnot identifying a typewith the extension of a unary
predicate.

Buneman: Can I place an object in the database and get
some attributes that won't have a type?

Reiter: Yes. If youwant to insist that all objects have
type, that places further restrictions ontheclassical
outlook. Youare furtherdefining the datamodel.

Rich: How do you say that for any new type predicate you
introduce, that it is a subtype of some existing type?

Reiter: I can say that as a statement about the data mod-
el. Icansimply require as part of the specificationof
the datamodel that every individual must be an instance
of one of the types.

Other Examples of DataModel Restrictions

Reiter: Let me give you an example of how a data model can
support the concept of a relation. Let us assume we have
some types and that we now want to talk about relations.
The way to do that is to impose the requirement on the
database that for each non type predicate R there is a
formula in the database of the form
Vx1,...,xn[R{x1,...,xn) D1 (x1) A...ADn(xn)]

where R is a relationand D1,...,Dn are its domains. An
instance of a relation is some tuple of constants such
that you can prove the relationwithin first-order log-
ic using the database as premises. The extension of a
relationis thesetof its instances.

Two other restrictions leading todifferent datamodels
are the following. First, the closed-world assumption
says that if you cannot prove arelation froma data base
then you are permitted to infer the negation of that
relation. Second - and this comes back to how do you
ensure a certain formof efficiency with respect to type
~ you might want the set of types to be extensionally
complete. This means that there is adecision procedure
for type membership. But the existence of this decision
procedure can be formally defined using strictly logi-
cal concepts.

I amnot proposing yet another datamodel. Instead, I am
proposing a language, namely FOL, with which to
represent facts about the "real world": a
representation language. The advantages of FOL are:

1. Itisaveryexpressive language.

2. It has a well-defined denotational semantics and
therefore we can set up a correspondence between the
constants and predicates of the language and "real-
world" individuals andrelations.

3. It has aproof theory, which provides for inferen-
tial retrieval of answers and provides a reference
standard for the deductive capabilities of various
data models (as the relational model provides a
reference standard for therelational view) .



4, It provides a reference standard for comparing
relative powers of different nonlogical data mod-
els.

Shaw: I would like to ask what kinds of restrictions you
incur by choosing to remain within first-order logic?
For example, point 4 seems to imply that you can take any
data model and express it here. Could you characterize
some of the limitations?

Reiter: I would not like to make so strong a claim that
all non-logical data models map into this framework,
but I suspect that a lot of themdo. When they do, thenwe
are inagoodpositiontocompare. Iwouldguess that any
datamodel that uses relations ascbjectswillmap in, in
averystraight forwardway.

Goldstein: The thing that disturbsme, and I knowyou are
sensitive to it, is the set of issues that has arisen
about the sufficiency of first-order logic as a basis
for problem-solving. Inparticular, the standard issue
raised is the control of inference. That arises in the
database world as well. Certain uses of the data model
make certain kinds of retrievals more efficient. I
wonder how youwould address that set of questions given
the first-order logic formalism.

Reiter: Are you asking how is the inferencing con-
trolled? Or areyouaskinghowdoIsufficientlydelimit
the class of data bases by a data model such that the
inferencing within that limited class will be effi-
cient? '

Goldstein: I'llsettle for thesecond.
Reiter: That's aserious researchproblem.

Goldstein: Let me sharpenmy criticism. It doesn't seem
to help much to observe that you can express what you
have expressed in first-order logic. The game here
seems to be one of efficiency and not one of logical com-
pleteness of thedatabase.

Reiter: I am not precluding data models that are incom-
plete. Therewillbe lots of questionswithin those data
modelswhichsimply can'tbeanswered.

Thatcher: Ireallyamall for your 1,2, and 3 but then you
lost me because you started using the term "data model"
andyoudidn't tellmewhat itwas. What isit?

Reiter: I suggested that a data model imposed require-
ments on a database. I amnot specifyingany particular
datamodel. I amproviding youwith a conceptualization
as to how to define a data model within this representa-
tionformalism.

Shaw: Is a data model then a set of restrictions, not
necessarily first-order, imposed on this set of unary
predicates.

Reiter: Any set of restrictions that you canarticulate
inEnglishcummathematics is possible.

Thatcher: Are you saying that a database is a set of for-
mulas, and a data model is somehow restricting the pos~
sible formulas that may occur in the database repre-
sentation.

Reiter: That is one way of defining a data model, but I
gave a couple of examples that did not have that charac-
ter. For example, imposing the closed-world assump-
tion.
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CONCEPTUAL GRAPHS

Sowa: I am going to talk about conceptual graphs. The
notation has twobasicprinciples: a concept, whichisa
box containing a type label, and a conceptual relation,
which is acirclewith a label in it. A conceptual graph
is a graph consisting of boxes and circles attached
together by arrows. The figure, Sowa-1 shows a simple
conceptual graph for the sentence, "A person feeds Mor-

ris."

| | / | | / N\ | |
| PERSON | "->AGN%——> | FEEDS | -->PTNT-~->{CAT: |
| | \_/ | | \__. {Morris|

Sowa-1

Most of the relationships are dyadic, although other
numbers of arcs occur also. You can have a set of buil-
tin, primitive type labels and relation labels, or you
can define new ones through a method of lambda abstrac-
tion.

Concept boxes represent things. Inside a concept box
youmay find a generic type label, such as PERSON, repre-
senting any person. Alternatively, youmay find a type
lable, individual identifier combination, such as
CAT:Morris, representing a particular cat. Quantifi-
cation over a type is specified by replacing the indi-
vidual identifier with a quantifier symbol, such as
CAT:V (forallcats) or CAT:3 (thereexistsacat). Quer-
ies can be represented by using a "?" in the individual
identifier position, suchasCAT:? (givemeacat).

Some examples of conceptual relations (circles) are the
agent (AGNT) relationship which specifies the actor in
an action, and the patient (PTNT) relationship (which
is used in preference to the more common object rela-
tionship) which specifies what is acted upon. Besides
the linguistic case relations examplified above, one
canalsohavemathematical and other semanticrelation-
ships, suchas theRESULTof amathematical operation.

The type labels are the basic categories, which are
ordered by levels of generality. So, you have a type
hierarchy: MANAGER is a type of EMPLOYEE, EMPLOYEE is a
type of PERSON, etc. There is a relation that tells
whichindividuals belong towhich type. We use the nota-
tiont::itosaythe individualiisof typet. Thereisa
special "undefined" marker "a@", representing "any".
The marker @ conforms to all types. For any type, the
referent toa concept (i.e., an individual of that type)
must conformto that type.

There is a set of user-defined graphs that are well-
formed by definition. This is called the canon. The
canon has background knowledge and it has a set of type
labels with a partial ordering defined over them. You
can extend the type ordering to a type lattice if you
choose, but all that is assumed is a partial ordering.
There is an equality relation between the individual
markers and the types. This canon is a basis set of
graphs, abasis fromwhich youcanderiveall the others.
There are four formation rules, whichgive youa kind of
graph grammar. The formation rules are: copy, detach
(any conceptual relation), restrict (any type label to
a subtype), and join (two graphs about a common concept
node) . The transitive closure of the canon under these
four operations defines the set of well-formed concep-
tual graphs. Basically, all of predicate calculus can
be represented in the form of conceptual graphs (using
some conventions not described here). [See the IBM
Journalof R &D, Vol.20, No.4, July 1976, pp.336-357 for
further details onconceptual graphs.]



Conceptual graphs represent information. Computations
over this collection of information are defined in a
transitionnotation. The transistionnotation isbased
on Petri Net notation. In it, a transition graph is su-
perimposed on a conceptual graph. The transistions in
the transition graph take their inputs from and produce
as outputs values associated with the concepts of the
conceptual graph. More thanone transitiongraph canbe
superimposed on a single conceptual graph; for example,
the addition relation, at+b=c, can be used to compute c
fromaandbor tocompute a frombandc (a subtraction) .

Computations are triggered by the presence of the con-
trol mark "?". A second control mark, "!", is used to
assert values to be used in computations. The computa-
tion is contreolled by the propagation of these marks
thruthe transitiongraph.

Deutsch: Giving multiple computational interpreta-
tions to a single assertion is similar to the work of
Sussman and his colleagues at MIT on "constraints".
[See also Deutsch's position paper in this proceed-
ings.]

INHERITING PROPERTIES

Carbonell: I amgoing to talk about the problemof inher-
itance, representing inheritance, the semantics of it.
This work is primarily on semantic networks inAI. Fig-
ure Carbonell-1is anexample of a semantic network.

IsAa
FLY BIRD FEATHERS
[ e [ ot >e
primary A covering
locomotion
SA
SWIM PENGUIN BLACK,
o< mmmm e R Tt >e  WHITE
primary A primary
locomotion color
ISA
NIKITA ALBINO
______________ .
color

Carbonell-1

It shows that NIKITA is a penguin, penguins are birds, a
bird's primary mode of locomotion is to fly, etc.. One
of themain points of the networks is the inheritance of
the ISA links. Since birds have feathers, penguins have
feathers, and since Nikita is a bird, Nikita has feath-
ers. Youcanalso state exceptions. Apenguin'sprimary
mode of locomotion is swimming; this overrides the oth-
erwise inherited default, flying. Sothis isnotstrict
ISA inheritance. I want tocomplainabout the use of ISA
links here. We need amuchbetter notationand semantics
of what ISA links are.

There are three types of inheritance, DOWNWARD, UPWARD,
LATERAL.

Downward Inheritance

Carbonell: Downward inheritance is what we have along
ISA links. ISA has also been called superclass, set~
inclusion, etc. Whenyousay "AisaB", it couldmean set
inclusion, membership in a set, or non strict inherit-
ance. I am proposing downward inheritance, where ev-
erything that is true about Bwill be true about A. You
give a function that tells youwhich attributes associ-
atedwith B are to be associatedwith A. Not all proper-
ties may be inherited. Some may be filtered out. Also,
some attribute names may change their names. The func-
tionspecifies the correspondenceof theseaswell.
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Upward Inheritance

The second form of inheritance is what I call upward
inheritance. Suppose we have a PARTOF relationship;
for example, "B is PARTOF A." Further suppose B is a
typical part of A. ThenAcaninherit certainproperties
fromB. That is, some of the attributes of A are really
attributesof thepartsBj of A.

When A is a collection of objects {Bj} all of the same
type, then a second kind of upward inheritance can be
defined. The unit A can inherit attributes which are
combinations of the attributes of the B;'s of whichA is
composed. As an example of this second kind of upward
inheritance, suppose we want to know the population of
South America, and this information is not stored ex-
plicitly in the database. But, when we look at all the
parts of South America (for example, the geographical
divisions such as Countries), each one has a popula-
tion. How do we know that calculating the population of
the whole continent from the individual countries is a
valid deduction? If we know that the covering by the
countries of the continent is complete and that the
division into countries isapartition, thenwe know the
deductionisok.

Balzer: So ingeneral, you have to knowwhat the rules of

combinationare.

Carbonell: That's right. And I have just given you the
default rules. The rules of combination shouldbe spec-
ified in the data base as an explicit kind of self-
knowledge.

Lateral Inheritance

Carbonell: The last kind of inheritance, which I call
lateral inheritance, is where I do things such as excep-
tionhandling. Iwantedtohaveastrict inclusionhier-
archy, and inadditionbe able tohave things like excep-
tionhandling. Iwanttobeabletosay "Xis likeYexcept
...". Ialsowant torepresent things like "toy car" or
"fake gun". You could represent a toy car by starting
from scratch. But somehow your knowledge of what a car
is should allow you to state what a toy car is much more
economically. It isuseful for "toy car" to inheritmost
of the information from "car"”. This is lateral inherit-
ance. It does not imply inclusion of types. You can
specify what properties should go through and specify
as inputs which other things can override specific
properties.

What I really have is a notion of semantic inheritance.
This sort of thing makes inheritance explicit. It has
been useful in AT applications, at least inmine. I am
reallynot sureif ithasapplications inDBandPLs.

Shaw: Inheritance has a direct analog in PLs. Suppose I
haveadefinitionof "deque" that has operations suchas
insert-front, insert-back, delete-front, delete-
back. Now Iwould like toderive fromthat a representa-
tion for a queue in the obvious way - by deleting two
functions and renaming the other two. It seems to me
that is directly analogous to your notion of downward
inheritance

Balzer: I thoughtupward inheritance.

Carbonell: Perhaps the best way to do that is by lateral
inheritance.

Shaw: My point is that there are often situations where
youwant todefine one type as a slight variation of oth~
er types.



Balzer: This seems to be an issue related to what Chuck
Rich was talking about. Namely, the problemMary has of
finding the correspondence between two specifications
or representations seems tobe the same as: if youdo not
see locally the answer to some question, then this tells
youwhere togo - youmay go up, or down or sideways.

Rich: Your lateral inheritance is like my "overlays",
i.e., a function from one domain to another domain that
gives correspondences between attributes - I call them
parts. Ihave gone farther and have used this for repre-
senting implementation relationships, points of view,
etc., not just for talking about penguins andbirds.

Deutsch: I find it very exciting that Jaime, Mary, and
Chuck, who presumably have not talked together in any
significantwaybefore, find thesesimilarities.

SPECIFYING THE BEHAVIOR OF TYPES

Feather: The approach I want to talk about is anapproach
to specifying the behavior of types. The overall organ-
ization of a specification is composed of four parts
which

1. define types and relations to model objects and
relations of the task domain.

2. express some "static" constraints that specify
what must be true inevery state of ourworld.

3. model changes to the world. We want implicit and
explicit invocation, non-determinism, and the full
power of historical reference.

4, specify the "dynamic" constraints, those which
refer tomore thanone state.

By the way, we have amotto: if it moves, it's observa-

ble. Any change in the world that is observable can be

referredto.

Some examples of the kinds of types we want to be able to
define are shown in the following figure.
*classification

*/project

1 / \
|librar /
/* Y *file *file

*file

library
*

The relationships among types are not necessarilybina-
ry. Todefine a type, such as "project" with attributes
"library” and "classification", wewrite
typeproject(library,classification).

Once defined, there are expressions for refering to the
project and its attributes. If p is a project, then the
expression "p:classification” denotes the classifica-
tionattributed top, and "p:library" denotes a library
attributed top. If 1l is a library, "then l::1library"
denotes aprojecthavinglasanattribute.

As one defines these types and relations, thereference
notation can be used to conveniently express a set of
restrictions. For example, you might want to specify
"every library is attributed to one and only one pro-
ject"
typeproject(library::unique,...),
or "every project has precisely one classification
attributed toit”.
typeproject(...,:unigueclassification).
The number of occurances allowed for attributes can be
specified using the predefined restrictions: any,
unique, multiple (more than0), optional (Cor 1), n (an
integer), [n,m] (arange).
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Not all constraints can be expressed as above. For exam-
ple, "all lines in units must be of length card-length"
needs the construct always requires.
always require
Vline (line insequence *any*:unit-contents
» length(line:chars) =card-length)
We also can express that changes in the world don't vio-
late constraints. Here is an example: a unit may not be
deleted if it is included anywhere. We use the always
prohibit feature.
always prohibit
3edunit, 3line
(destroyed(unit)
Aold(line:includes-unit=unit})
where 3ed refers to a previous state in which "unit"”
existedasdoesold.

McLeod: Does this all apply to relations other than
binary?

Feather: We have a notion for general relations, but it
isn't as concise as that. It woulddisplay types, rela-
tions and other constraints all inone thing. Veryoften
that is what youwould like todo.

McLeod: Could youplease comment on the intendeduse?

Feather: The intended use is to specify behavior sepa-
rate from giving the details of implementation. We'd
like to see these specifications, along with perhaps
some comments on how efficient it should be implement-
ed, giventoa transformation system, and thenwithuser
assistance, we would work towards a reasonably effi-
cient implementationof that specification.

Schmidt: There are a couple of tools around for the spec-
ification of programming languages. For example, deno-
tational semantics. It seems that some of the things
related todefining the semantics of language are pret-
ty close to things you define. For example, types and
semantic domains, static functions and dynamic const-
raints. Does anybody have any experience in applying
this kind of formal semantics technique from the pro-
gramming language area to the purpose youhave inmind?

Feather: Not us.
natural language.

Really, our inspiration comes from

FOL AS ANOTATION

Hayes: This is really a footnote to Reiter's presenta-
tion. I want to talk about first~oder logic (FOL) as a
notation. I think it is even better than Ray thought it
was. I thinka lot of notations that have been invented,
certainly in AI, are variations on first-order logic.
They just add sugar which is important, but, still, itis
just sugar. An example of such a sugared notation is
illustrated in the KRL fragment shown in figure Hayes-
1a (N. B., any syntacticmistakes aremine) :

UNIT traveller

self ISAperson

homeport <string>

age [CASE THE age FROMperson (thisone) :
<10:INFANT
>10,<13:CHILD
>13: ADULT}

destination<port>

Hayes-1la

KRL is a notation developed at Xerox by Danny Bobrow in
which you talk about objects, called units, slots, an
ISA hierarchy, etc. It is a very complicated language.
It does not look at all like logic, but it is. As can be



seen from the equivalent set of assertions in FOL shown
inHayes-1b.

Vx Traveller (x) » Person(x)
AString (homeport (x))
APort{destination(x))
A [calage (x)<10 o travage (x) =INFANT
A 10gcalage (x) <13 » travage (x)=CHILD
A13<calage(x) » travage (x)=ADULT]

Hayes-1b

I had to do some minor alterations. There are two no-
tions of "age" here. There is the age of somebody being
considered as a mere person, and the age of somebody
being considered as a traveller. A person's age is a
number and a traveller's age is either infant, child, or
adult. I had touse calage for calendar age travage for
traveller age. With that minor variation, it tran-
scribes right over. Moreover, not only does the nota-
tion transcribe, but the proof theory transcribes.
That is to say, operations that are performed on this
notation in that system turn out to be first order, al-
most entirely. With the exception of default reason-
ing, I have yet to see a representation language put
forward in AI that is not a syntacticvariant of FOL.

Goldstein: You made a remark that the proof procedure
goes over directly. Did youmean that everything prova~
ble inone is provable in the other or that the complexi-
ty of doing the proof is the same in both systems. (The
time todothe proof is the same.)

Hayes: That is a complicated issue. I do not want to
claim that if you shove those axioms into a FOL theorem~
prover that it would do what KRLdid. If you look at what
KRL did, every single procedural step (they call it
matching, I believe) was an instance of first-order
inference, and could have been reproduced by doing or-
dinary first-order unification and resolution techni-
ques. Now the search space of possible inferences is
much larger - there’s a lot of irrelevant stuff that you
could infer from this that KRL didn't. That is a very
important computational point. For the moment, I am
talkingabout expressibility.

Rich: I ambotheredby this traveller example. InHayes-
1b, there is something lost in the translation from the
KRL. Those two predicate symbols, travage and calage,
are totally unrelated in Hayes-1b, whereas there is a
polymorphism of some sort which is captured in the KRL
version.

Hayes: I could easily introduce a relation that relates
the two ages:

Vx,y [Age(x,y) = calage(x)=y V travage (x)=y]

Is SecondOrder Necessary

Hayes: With respect to the first-order versus non-
first-order controversy, the expression Hayes-2a
looks like second order, but it is just syntactic sugar
for theexpressionHayes-2b.

VR[Vx3IyR(x,y) » If VxR(x,f(x))]
Hayes-2a
VR[Vx 3y Apply2(R,x,y)
» 3f V¥x,zApplyl1(f,x,z)
» Apply2(R,x,z)]

Hayes-2b
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It isreally higher-order if andonly if youarequantif-
ying over all relations and functions that could possi-
bly be defined by lambda abstraction from the full lan-
guage. That is a helluva big set. Most people are very
rarely quantifying over that set. In particular, in
Jaime's talk, when he wants to say "this thing has all
the properties of that thing except...", there is a
finite set of properties there that need to be trans-
fered. You can translate this over to FOL, no problemat
all. You can regard that merely as syntactic sugar for
the hideous first-order formula. That is a uniform
translation.

Deutsch: There is something that I ama little unclear
about. Presumably, you want some relation symbols to
appear explicitly in some formulae, i.e., tobe the ones
that arevisible. If youwant toexpress that fact, then
at some point you will need some axioms that say, for
example,
Apply2(R,x,z) iffR(x,2).

That works fine for relations. But if youwant it to work
for functions, won't youhave to introduce equality?

Hayes: Yes, you might well have to use equality. Your
guestion touches on a deeper issue, which I apologize
for not having brought upmyself. To do this properly,
youreally need to introduce a little something outside
the regular first-order machinery. But it isn't a dif-
ferent logic; it is just another piece of machinery. It
is the stuff Richard Weyhrauch has investigated very
thoroughly, in which you have to regard some of your
stuff as being about the theory you already have, at a
metalevel,

Rich: Peter, I thought you could formalize FOL either
relationally or functionally; that is, relations plus
equalitygives you functions.

Hayes: Yes, there is a tradeoff there. Equality is such
auseful thingyouhave tohave it anyway.

Thatcher: What you are saying can't be true. Take the
Peano axioms for arithmetic, which only involve one
second-order sentence, whichis the inductionaxiom.

Deutsch: That would be the same as getting all the func-
tions youcouldmake by lambda abstraction.

Thatcher: That isexactlymy point.

Hayes: That iswhy it is sopowerful. It isnot reducible
toanyof its first-order instances. What I amsaying is
this statement in Hayes-2a looks like second-order, but
it neednotbe. Youcaninterpret that several ways.

Thatcher: But to interpret it one way, I have towrite
down axioms to saywhat APPLY1 and APPLY2 mean.

Hayes: Well, it might be infinitely tedious, but it can
be done. Then youcandoall your first-order reasoning
within this odd way of expressing yourself shown in
Hayes - 2b. You can transcribe the whole of your theory
intothisnotation.

Thatcher: Notmathematically, Ican't. Noway.

Rich: The axiom of induction is not part of the axioms of
arithmetic. To get the numbers out of the axioms of
arithmetic, which are first-order, you need to apply
the principle of induction, and that principle itself
is not expressible in first-order. Isn't that the is-
sue?

Hayes: I canwrite down Peano's induction axiomand I can
interpret it this way, first-order as in Hayes - 2b, but
then it is not Peano's induction axiom anymore. But I



canstill dothis translation. Look! I amjust tryingto
make a trivial point. Because I want tosay something is
true of every relation in some set, and I want towrite it
this way (Hayes-2a) that doesn't necessarily mean I am
notwithin a first-order theory. That is theonly point
I ammaking. In many of the applications in AT where the
things you want to say look like that in Hayes-2a, one
should not conclude they are outside of first-order.
Although it looks like quantification over all rela-
tions, it almost never is, infact. It is almost always a
finiteandexplicitly definedset.

Hitchcock: What if it is expressed that one string is a
permutation of another? It is not possibly first-
order.

Hayes: That is clearly false. This brings me tomy next
point. I can translate that into FOL. This is well-
known. Kowalski has written abook on this and there are
many papers. Thank you. You got me nicely to my next
point,

I want to object to the procedural/descriptive distinc-
tion. Really, it is time we stopped making that distinc-
tion. Hereis aprogram.

REVERSE(X,y) = valof(test x=nil then
resultis y
or (y:=cons{cdr(x),y)
Xs=car(x) )

repeat )

Hayes—3a

It is approximately in BCPL, It is the usual iterative
listreversal. InHayes-3bit iswritten inLISP.

(DEF REVERSE (X,Y) (COND((NULL X) Y)
(T
(REVERSE (CDR Y)
(CONS (CAR X1 Y)) )) )

Hayes-3b

There are those who would claim that iteration and re-
cursion are fundamentally different. I do not believe
that. Certainly, it is well known you canget the itera-
tive algorithm from a tail recursion by making little
remarks about sharing storage.

Rich: There are actually interpreters which will run
thesecond algorithm thesame as the first.

Hayes: Now, in Hayes-3c, the same algorithm is written
as apair of equations inFOL.

VY REVERSE(NIL,Y) = ¥
VY,A,B REVERSE(A<>B,Y) = REVERSE(B,A<>Y)

Hayes-3c

Hitchcock: Aren't you saying that there exists some-
thing callec REVERSE.

Hayes: NO! These are just a pair of first-order egua-
tions. If yougive them to a theorem-prover that uses a
depth-first, left-to-right, full substitution search
strategy, itwill dowhat LISP does with Hayes-3b. There
is a uniform way of translating Hayes-3b into first-
order logic. That iswell-known.

Hitchcock: Does this mean T can express the equivalence
of two LISP programs in FOL. (Heyes) No, you cannot.
{Hitchcock) But I can translate toth into FOL, (Hayes)
You can translate the algorithms. But I am not saying
you can translate the inscription of the algorithms.
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For that you would need a metatheory of FOL. I am not
talking about proving properties of the programs. I am
just talking about arranging that a deductive engine
willdothealgorithm.

I refer you to Keith Clarke or Bob Kowalski of Imperial
College; or toDavid Warren of Edinburgh who implement~
ed an evaluator for Hayes-3c-~like programs inmany in-
teresting ways.

Goldstein: One might have lots of equivalent formulas
but choose one versus another for reasons of perspicui-
ty or whatever,

Hayes: Absolutely. All I wanted to say is that the dis-
tinction is merely one of perspicuity, or even less than
that, It is not nearly as substantive adistinction as
it is almost always made out to be, In particular, the
idea that there is something wrong with first-order
representational schemes, and that we must therefore
move toward procedural ones, must really be laid to
rest.

control of Inferencing

Hayes: There is a problem, however. Nobody knows how to
control the inferencing process. Nobody knows how to
realize the appropriate strategic behaviors or search
strategies from a bundle of first-order axioms given to
some inference engine, Icall that thecontrol problem.
Generally we reference Minsky 1903 [sic!], or something
like thet. The strategies ir KRL and in Prolog are no
good. There is a tradeoff between how much behavior
should ke specified and how much annotation you have to
put on to obtain that behavior. This is a big research
question, But, (a) the control problem does not have
anything to dowith representation languages and (b) it
is always there. Whenever you can make inferences, you
have the search control problem. And the particular
syntactic sugar youusedoes not helpsolveit.

Rich: But syntactic sugar is important. A higher level
representation may really help you think about your
search problem, because locking at 5000 formulaes, you
donot begin toknowwhere tostart.

Hayes: My own intuition is that argument has been over-
used. A lot of icing of cakes in the hope that the cur-
rants inside will get better. I think the procedural
attachement idea is a copout. I think theway togois the
idea of metalevel cescriptions of behaviour. I have no
idea how todo it, but here are some people who have some
interesting ideas: Randy Davis (MIT), Richard We-
yhrauch (Stanford), Brian Smith (MIT).

SUMMARY

Deutsch: In summary, I asked the five presenters to
respond to the sets of issues that I outlined at the be-
ginning of the session. Their response to the purpose
question is shown inTable 1,

The terms that were used are vague, but they do they do
convey a'sense of commonality of interests. The rest of
their responses can be summarized as follows: The tar-
get population for all five notations was system speci-
fiers and high level designers. These notations areall
primarily descriptive, but, as several people pointed
out, the procedura’/descriptive distinct does not nhave
muchutiltiy. The formal foundation for all these nota-
tions was first order logic. This was somewhat surpris-
ing. Other formal foundations such as graphs, alge-
bras, sets and mappings were also mentioned as useful
for describing a notation. I could find no coherent way



Presenter PURPOSE DOMAIN ARENA
Feather: functional behavior arbitrary
specification](data+ information
procedure) | handling
systems
Hayes/ descripticn |Jobjects, all
Reiter: (precise) relations,
properties
Sowa: model/ objects, database
specificationfrelations, | schemata
(preciseand UIproperties
natural language
Carbonell:]description [inheritance] hierarchical
mappings object/
attribute
description
systems
Rich: descripticn/ ]prograuns, individual
specificationjdata programs/
structures | libraries

Table 1. Purposes of Notations
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to relate the primitive elements of the various nota-
tions,

Finally, there were a number of different abstraction
mechanisms mentioned:

inheritance (specialization/generalization)
transformation/mapping/multiple views
classification/instantiation

composition of wholes fromparts

procedure formation ( lambda abstraction)
specification ~>implementation

some of which are supported in each notation, but no
notation supports them all, There was enough overlap,
however, tojustify the list.



