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ABSTRACT: Knowledge-based systems are data bases 
with more powerful front ends for dealing with the 
meaning of data. This paper discusses requirements for 
a conceptual schema that is general enough to support 
knowledge bases as well as ordinary data bases. It 

presents seven features that such a schema must sup- 
port and evaluates various approaches to data base 
semantics in terms of them. The AI notations for se- 
mantic networks or conceptual graphs are highly gener- 
al ones that can support all seven features. 

Representing Knowledge 

Both data base (DB) and artificial intelligence (AI) 
systems must represent and process knowledge about 
the real world. The primary difference between the 
two fields lies in the volume of data that they process 
and the complexity of the representations. Data base 
systems started as file management systems with large 
volumes of data organized in a small number of record 
types. Although they have evolved towards more com- 
plex structures, data bases still tend to have a large 
amount of repetition of very few types. AI, by con- 
trast, started with small problems of highl3/ complex 
structure: understanding natural language, analyzing a 
visual scene, or guiding a robot. In AI, the total 

amount of data is usually small enough to reside in 
main storage, but almost every item is unique, with its 
own characteristic relationships. 

The difference between DB and AI systems can be 
measured by the ratio of data descriptors to individual 
data items. In a DB system, thousands of employee 
records may all have an identical format: one set of 
descriptors is sufficient to describe every record. In 
typical AI systems, however, the ratio is almost one-to- 
one: since there is so little repetition, each item must 
have its own descriptor; in fact, most AI systems don' t  
even distinguish data items from data descriptors. Be- 
cause of the difference in ratios, the two fields have 
major differences in emphasis and priorities. DB sys- 
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terns emphasize efficient storage and retrieval, but have 
tended to leave descriptors as an a f te r thought - -on ly  

recently have they been moved out of the 
programmer's notebook and into data dictionaries.- AI 

systems, on the other hand, have developed sophisticat- 
ed techniques for representing a great deal of knowl- 

edge about a small number of items; yet they have 

been impractical for commercial applications because 
they have high overhead, reside totally in main storage, 

and ignore backup and error recovery. 

Since the difference between DB and AI systems is 
not a qualitative difference in their goals for represent- 
ing knowledge but a quantitative difference in the ratio 
of descriptors to data items, one can expect intermedi- 
ate cases to appear. As AI systems begin to deal with 
larger problems, they will find more repetition of items 
with the same descriptors. As DB systems move to- 
wards less highly structured applications, they will have 
to put greater emphasis on describing fewer items with 
more complex relationships. Both fields have a great 
deal to contribute to each other: DB has more practi- 
cal experience in security, efficiency, and reliability; AI 
has developed more sophisticated techniques for repre- 
senting the meaning of data. 

What to Represent 

Knowledge-based systems have been implemented, 
at least partially, in various prototype systems in AI. 
Brachman and Smith (1980) compiled a roster of 83 
current projects on knowledge representation with a 
total of 277 active research workers. Typical 
knowledge-based systems include the projects at Stan- 
ford for medical diagnoses and organic chemistry 
(Feigenbaum 1977), Heidorn's  NLPQ system (1972) 
for carrying on a dialog about queuing systems and 
automatically generating a program to simulate them, 
and various dissertations at Yale based on scripts 

(Schank & Abelson 1977). Three knowledge-based 
systems that apply AI techniques to data base queries 
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include the LADDER system (Hendrix et al. 1978), 
which answers English questions about naval logistics 
data, PLANES (Waltz 1978), which can answer ques- 
tions like "Which A7's that had engine damage in Jan. 
1973 flew in Feb. 1973?" and RENDEZVOUS (Codd 
1978), which carries on a dialog with the user that 

combines natural language questions with prompting by 
menus. The distinguishing characteristic of all these 

systems is that they incorporate a great deal of knowl- 
edge about some aspect of the real world and make use 
of it in a dialog in much the same way that people do. 

With such a diversity of projects and approaches, 
there is a corresponding variety of notations and for- 
malisms. Each approach has a different emphasis and 
collection of features, but all of them must represent 
aspects of seven basic kinds of knowledge: 

1. Generalization hierarchy: Types of entities or 
concepts of entities must be ordered according to 

levels of generality, such as COLLIE,  DOG, ANI-  
MAL, LIVING-THING,  PHYSICAL-OBJECT,  
ENTITY. 

2. Functional dependencies: The notation must show 
which entity types are keys or independent varia- 

bles and which ones are functionally dependent on 
the keys. It should also specify quantifiers that 
show whether a function is many-to-one,  one-to- 
one, or n-to-m. 

3. Domain roles: Besides showing that two entity 
types are functionally dependent, the notation must 

describe the role that the dependency represents: 
e.g. instead of merely saying that there are two 
functions f~ and f2 such that for each person x, 
f~(x) is male and f2(x) is female, the representation 
should indicate that f , ( x )  is the father of x and 

f2(x) is the mother of x. Ideally, the roles should 
be specified in enough detail to be automatically 
translatable into an English description. 

4. Definitional mechanisms: Concepts of composite 
entities, types, and relations must be definable in 
terms of structures of other concepts. As in 
Aristotle's method of definition by genus and dif- 
ferentia, the definition of EMPLOYEE would spec- 
ify the genus or more general type PERSON and 
the characteristic differentia "one who WORKS for 
a COMPANY."  

5. Conventional schemata: For each type of concept 

or entity, the notation must describe the conven- 
tional, normally occurring, or default roles that it 
plays with respect to other concepts. Whereas a 
type definition for EMPLOYEE presents the pri- 
mary defining characteristic, the schema would 
include the background information that an em- 

ployee has an employee number, earns a salary, 
reports to a manager, works in a department, etc. 

6. Procedural attachment: The notation should indi- 
cate how an external procedure may be related to a 
functional dependency, and under what conditions 
it would be invoked to compute the function. Com- 
puted functions should be described in a way that 
is parallel to the stored functions represented in the 
data base. In AI, schemata have also been called 
frames, scripts, and scenarios. 

7. Inference mechanisms: The notation should be 
supplemented with rules of inference that can de- 
termine implications that follow from the explicitly 
stored data and can detect violations of constraints 
upon the data. 

Comparison of Representations 

The bewildering variety of knowledge representa- 
tions can be related to one another by determining 
which features each one is trying to represent. Bach- 
man diagrams (1969), for example, appear to be com- 

pletely unrelated to the semantic networks in AI 
(Findler 1979). In fact, they represent two equally 
fundamental, but different kinds of information: Bach- 
man diagrams represent functional dependencies, and 
semantic networks emphasize the domain roles (or case 
relations) that are especially important for natural lan- 
guage. Working independently, Roussopoulos (1976) 
and Sowa (1976) both overlaid functional dependency 
arcs onto semantic networks and used the functional 
dependencies to show scope of quantifiers. 

Various proposals for data base semantics can be 
characterized by the selection of features that they 
choose to represent. The characterizations may be 
slightly blurred, however, by the fact that notations 
that emphasize certain features may also represent 
other features in a rudimentary form. 

• Chen's entity-relationship model (1976) is a refine- 
ment of Bachman diagrams that emphasizes func- 
tional dependencies. 

• The functional dependency model by Housel, Wad- 
dle, and Yao (1979) treats functional dependencies 
and the generalization hierarchy. 

• Smith and Smith (1977) represented the generaliza- 
tion hierarchy and the conventional schemata, 
which they called aggregation. They also represent- 
ed functional dependencies and domain roles to 
some extent, but did not develop them as fully. At 
the Workshop on Data Abstractions, however, they 
did present further work on representing domain 
roles. 
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• Hemphi l l  and Rhyne  (1978)  applied Schank and 

Abe l son ' s  scripts (1977)  to data  base semant ics  

with primary emphasis  on domain  roles and con-  

vent ional  schemata,  but  they did not  treat  func t ion-  

al dependencies  and def ini t ional  mechanisms.  

• McSkimin and Minker  (1979)  developed a sorted 

f i rs t-order  predicate calculus that  treats the infer-  

ence mechanisms,  genera l iza t ion  hierarchy,  and  

funct ional  dependencies ,  but  ignores domain  roles 

and convent iona l  schemata.  

• One  of the most  complete  r ep resen ta t ions  is the 

TAXIS system by Mylopoulos ,  Berns te in ,  and  

Wong (1980) ,  which has aspects of all seven fea- 

tures,  a l though some are deve loped  fur ther  than  
others. 

These systems are represen ta t ive  of m a n y  no t a t i ons  

proposed for DB semant ics  and  the A N S I / S P A R C  

conceptual  schema (Tsichritzis & Klug 1978). Most  of 

them are strong in describing func t iona l  dependencies ,  

but  weak on domain  roles and inference  mechanisms.  

Only  the ones that have a s t rong inf luence  from AI and 

computa t ional  linguistics are rich enough to suppor t  a 

natura l  language interface to knowledge-based  systems. 

Conceptual Graphs 

The Project  on Data Base Semantics  at the IBM 

Systems Research Ins t i tu te  is developing the theory of 

conceptual  graphs (Sowa 1976, 1979a,b,  & for thcom- 

ing) as a complete  formal ism for knowledge -based  

systems. Conceptua l  graphs were originally designed 

as a semant ic  represen ta t ion  for na tura l  language,  but  

were applied to data  bases as a practical  area for test-  

ing and refining the theory. The original  paper  (Sowa 

1976) developed all of the seven features except defi-  

n i t iona l  mechanisms ,  which were p resen ted  in Sowa 

(1979a) .  He idorn ' s  NLP system (1972)  is being used 

to implement  conceptual  graphs, and a more complete  

presen ta t ion  of them will be given in the for thcoming 
book. 
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