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ABSTRACT

This paper presents a knowledge-based
approach to the specification, design, imple-
mentation, and evolution of database applica-
tions. The knowledge base consists of 1) facts
regarding database objects that are organized
into a hierarchy of models, and 2) rules that
specify the behavior of objects within a model
and among models.

The model hierarchy consists of database appli-
cation data, database schemas, data model
definitions, and system-related objects that
control the user's interaction with the system.
The rules governing the behavior of objects are
specified as explicit constraints on those
objects. User goals are transformed into con-
jectures that the inference engine must prove
are satisflable by interpreting all applicable
constraints.

The semantic architecture of the PRISM system
is described, together with the syntax and
semantics of the constraint language. PRISM is
implemented in the C programming language
and runs under the UNIX ** operating system.
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1. INTRODUCTION

This research is motivated by the need for improved
tools and techniques for the specification, design, imple-
mentation, and evolution of database applications. It
draws upon ideas from semantic data models, data dic-
tionaries, specification-based system methodologies, and

artificial intelligence.

Semantic data medels such as RM/T [8], the Func-
tional Data Model (FDM) [15,18,30,31], and Abrial’s Binary
Model [1], capture an application's meaning by making
extensive use of metadata — data about data -~ to specify
both intra- and inter-entity semantics. In fact, model
metadata should be considered part of the model. Data
models represent application semantics by means of
their data structures, operations, and constraints. Con-
straints not expressible in terms of the data model are
represented as procedures in application programs.
Thus, the semantics of an application are expressed in
distinct representations, i.e., data structures, opera-

tions, metadata, constraints, and application programs.

Conventional Database Management Systems
(DBMSs) store metadata in data dictionaries that provide
limited data structuring capabilities. However, the Data-
base Directions Il Workshop report [13] on Information
Resource Dictionary Systems recommends that future
dictionary systems provide facilities to 1) make meta-
data more accessible to users, and 2) to allow metadata
to be queried and manipulated in the same manner as

application data.
Database applications are not static; rather, they
evolve over time to meet the changing information

requirements of users. Indeed, a database application’s



implementation may itself be a powerfui force in chang-
ing users' information requirements. Balzer [2] argues
that specification-based systems allow for the creation,
verification, execution, and evolution of a conceptual
model. In order to implement specification-based data-
base systems, we must make better use of metadata,
and provide a uniform formalism to express database

objects, operations and constraints.

Brodie [8] has discussed the desirable features of a
database specification tool, and many of these are incor-
porated into the PRISM (constraint-based PRototyping
Information System Manager) system [29]. In particular,
the PRISM formalism 1) incorporates static as well as
dynamic properties of database objects, 2) provides
access to system metatypes for system evolution, 3) sup-
ports the integration of modeling abstractions such as
abstract data types, generalization hierarchies, views,
and. control abstractions, and 4) allows the specification

of modeling methodologies.

To satisfy the above requirements, we have chosen a
knowledge-based architecture for PRISM. In expert sys-

tems there

is a distinct separation between the
knowledge base, consisting of facts and rules governing
those facts, and the inference engine that reasons about
the knowledge not only to create new facts and rules, but
also to provide expert advice to users. A very important
aspect of an expert system is the exzplanation facility

which explains the system’s line of reasoning to the user.

This paper makes several contributions to database
management. The knowledge-based approach allows
both data and metadata to be treated in a wniform
fashion. Explicit constraints on objects can be used to
specify their behavior at all levels, from application data
to system concepts. Finally, tools for database design,
transaction specification, schema analysis, and data
translation can be viewed as specialized interpreters

that access the knowledge base.

The remainder of the paper has the following organi-
zation. Section 2 presents the PRISM knowledge base
architecture, its associative net, model hierarchy and
constraint language. The PRISM modeling environment

and user facilities are presented in Section 3, and our

conclusions appear in Section 4.
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2. KNOWLEDGE BASE ARCHITECTURE IN PRISM

In PRISM, the specifications for all levels of an infor-
mation system are stored in the Dictionary Subsystem
(DS). As shown in Figure 1, the Dictionary Subsystem
consists of a Knowledge Base (KB) and an Inference
Engine.

The PRISM Knowledge Base contains facts (database
instances or tokens, database schemas, data model
deflnitions, ‘ and rules

(explicitly-specified constraints regarding facts at all

and system-level concepts)
system levels). The Modeling Specialist provides a user-

interface to the Knowledge Base and Inference Engine.
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Fig. 1. The PRISM Architecture

The Inference Engine is used to understand and control
system behavior, and supports updates to and queries on
the Knowledge Base, subject to satisfying the con-

straints.

A user query is transformed by the Modeling Spe-
cialist into a conjecture for the inference engine to
prove. The engine, in turn, interprets all applicable con-
straints on affected database objects, and if these are
satisfied then new knowledge (facts and constraints) is
added to the knowledge base. Direct interpretation of
each explicit constraint, when the object it applies to is
referenced, provides maximum flexibility to assist the

user in incrementally adding and testing new constraint



specifications. Inherent access and evaluation con-
straints within the internal tools enforce the implicit and
explicit constraints in the KB. The Constraint Base is in
a globally consistent state before and after an "update
transaction.” If at some point in the evaluation, a con-
straint is violated, then the transaction fails and the

update is not committed.

2.1. Knowledge Base Structure

il

The Knowledge Base consists of two sections, an
intension and an extension. The intension, called the
Constraint Base (CB), is a dictionary of explicit con-
straints, which are specified in the PRISM Constraint
Language (CL). Constraints and meta-constraints for all
information system levels, including the metadata of
PRISM itself, are stored in CB, for dynamic update by

users. The extension is a Fact Base (FB) of tokens.

The Knowledge Base has both an external and an
internal image. In the external image, constraints are
expressed explicitly in the PRISM constraint language,
CL. And the facts, i.e., instances of the abstract objects
specified in CL, are stored in a conventional Database
Management System. Thus the Constraint Base can be
viewed as resting on top of a conventional DBMS, ané
specifying semantics for the interpretation of the fer's
in the database.

The internal image represents the

objects specified in the constraints in an associative net.

2.1.1. The PRISM Asgociative Net

Object-oriented systems, which attach declarative
representations of knowledge to objects, allow dynamic
growth of information systems. Objects can in general
be entities or relationships between entities. This "dual-
ity" between relationships and entities allows for the uni-
form treatment of both data and metadata, as will be

discussed shortly.

Complete typing of objects in an information system
can support logical correctness inferencing for object
instantiation, i.e., testing whether an object, which may
be newly created, satisfiles the properties of the type of
which it is an instance [25]. Modeling tools using such
inferencing have been described [3,4,22].

Object-oriented models share the goal of logical

data independence with database management systems.
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Object-oriented models can provide logical data indepen-

dence between applications and the conceptual
knowledge base by encapsulating application-oriented
behavior into Abstract Operation Types (AOT's) which are
themselves objects. For example, an AOCT called Mak-
eReservation might model an association {aggregation)
of component objects such as Person, Hotel, Reserva-
tionist, together with the required constraints to allow a
person to make a reservation at a hotel. Thus, each
instance of MakeReservation would be represented as an

object.

The classification of objects in a hierarchy of types
has wide acceptance as a strategy to manage the com-
plexity of information system design. A generalization
kigrarchy, which indexes property inheritance on
objects, allows effective support of model definition
methodologie's. The subtype-to-type generalization map-
ping [32] can be represented as links between type
objects in an associative net [24,12,18]. Such a
knowledge representation provides efficient indexing of
type properties on instances for information systems
which have a relatively large number of object types and

small number of data items, e.g., TAXIS [23].

Inheritance complexity in the Dictionary Subsystem
is limited by allowing only ’asa’ links, 'isa' links and
'constraint-on’ links for constraint indexing on objects.
'Constraint_on’ links simply allow direct retrieval of
explicit constraints for an object. An ‘'asa’ link which
connects an instance to a type, allows constraints on
type objects to be applied to the instances of the type.
In order to exist explicitly, every object must be linked
to a type by an instance of the 'asa’ mapping. An ’isa’
link from a type to a supertype, allows constraints on
supertype objects to be applied to the instances of the
type. The constraints associated with the instances of a
type are expressed as "instance of' constraints on the
type, and those that refer to the properties of the type

itself are "instance of”' constraints on the meta-type {at

the next higher level) in the type hierarchy. ‘

However, not every type must be a subtype of a
type. An 'isa’ related type does not necessarily have a
single supertype, nor does an 'isa’ related subtype have

to disjointly partition the instances of the supertype



from other subtypes of the supertype. These properties
of subtypes may be specified as constraints on the

meta-types of a data model or database schema types.

The 'asa’ and 'isa’ associations are available directly
in the PRISM Constraint Language (CL) as primitive
predicates to express property abstraction. For exam-
ple, the predicate asa{x,man), read "x as a man",
specifies that 'x’ is an instance of the type 'man’. The
‘isa’ and 'asa’ CL predicates evaluate to TRUE if the
equivalent link can be propagated successfully in the KB
internal image.

The PRISM Model Hierarchy

In PRISM, an information system is represented as a
hiera!_'chy of object-oriented models. The top level con-
sists of PRISM metadata, that is, the primitive concepts
available to users to define successively lower model lev-
els. At the top level are such concepts as built-in types
{integer, dollar, date, etc.), dictionary types (dictobj,
usrobj, dict_name), and modeling primitives (class, map,
isa, asa, domainof, rangeof, etc.) The other levels are the

Data Model, Schema, and Application levels.

Objects at each level aré defined in terms of the
metadata of the level above! For example, metadata for
a data model is expressed in terms of PRISM modeling
primitives, and defines the concepts and rules for that
data model, e.g., the Relational Data Model [7]. Schema
metadata consists of the data definition facilities pro-
vided by a particular data model. Applications metadata
consists of the database types defined in a schema
according to a data model, for example, a relational

schema for a sales order processing application.

An example of a vertical slice through an informa-
tion system is shown in Figure 2. Ellipses represent
objects. Double-lined arcs represent ‘asa’ links. Only
significant 'asa’ links are shown. Single-lined arrows with
tail represent ‘isa’ links. Notice that this information
system models, at the two highest levels, PRISM meta-
data and types associated with the Functiona! Data
Model. The schema diagram within the dotted region in
Figure 2 shows -a database schema defined in the graphi-
cal notation of the Functional Data Model, which consists

of entity_sets 'order’ and ‘employee’ and functions
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Model Levels
dictobj

PRISM
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"order 82

"order 82 ~>
Jim Brown"

Fig. 2. PRISM Model Hierarchy — Metadata and Data

Application

Legend: == denotes 'asa’
<—» denotes 'isa’

order_taker: order —> employee and ord_#: order +->

integer.

The function ‘ord_#' serves as a key of the 'order’
entity_set. This is denoted by the bar on the function
arrow. This filgure shows the duality of representing
relationships (functions) as objects. For example, ord_#
and order_taker are clearly functions at the Schema
Level and also instances of the meta-type 'function’ at
the Data Model level. Also, the token "order 82 --> 82"
represents the mapping under ord_# of order 82 to the
integer 82.

2.2. Constraint Specification and Evaluation in PRISM

Constraints can be classified as being inherent,
explicit, or implicit [5]. Inherent constraints are those
which are an integral part of a data model, e.g., the

parent-child relationship in the hierarchical model



inherently supports & functional map from children to
parent segments. Explicit constraints are those that ean
be expressed independently of data model structures in
some formalism such as the predicate calculus. Finally,
implicit constraints are those derivable from the

inherent and explicit constraints.

Several constraint formalisms have been proposed.
Brodie has introduced a 'limited generic data model’ [5].
The model has a data type algebra and a schema
specification language, named BETA, to support a metho-
dology for denotational constraint management. Ham-
mer and MclLeod define constraints as invariance asser-
tions on a database [14] and propose a semantic
integrity subsystem.

Deutsch describes a constraint formalism to
represent both control and data abstractions uniformly
[11]. A number of interesting questions are raised by
Deutsch, including: 1) how constraints can represent
operational abstractions, 2) how constraints can syn-
thesize different supertypes’' properties, and 3) whether
constraints are a good framework for expressing queries

and/or integrity constraints on databases.

In our research we have found that 1) constraints
can represent operational abstractions through Abstract
Operation Types and their associated constraints, 2) the
associative net defines the subtype-supertype relation-
ships with constraints modeling type properties, and 3)
constraints can be used to create user views, query a

database, and specify semantic integrity.

PRISM employs a generic constraint language which
is applicable to all information system levels, as com-
pared to RAISIN (Rules from Artificial Intelligence
Specified for Ingres) [34], which handles only one level.
Also, a unified constraint manager in PRISM handles all
system levels. This provides a basis for correctness

inferencing among the different levels of metadata.

Constraints in the Knowledge Base which specify
control abstractions are actfive knowledge sources, that
is, the control intelligence resides in the constraint
specifications. For example, when an object of type 'ses-
sion’ (cf. Example 3 below) is instantiated, the constraint
specification for a session may require 1) a login consist-

ing of valid user name, 2) authorized access to an
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information system, and 3) a collection of transactions.

Deliyanni and Kowalski provide an excellent com-
parison of various 'extended semantic net’ representa-
tions as a dual of clausal predicate logic [10]. If con-
straint semantics are restricted such that constraint
instances indexed on objects are well formed formulae
(wfl} in a logic, e.g., first-order logic, interpreters can
use logical operations to perform inferencing to extend
the fact base of the system in information retrieval [28,

25] and problem solving.

Propositions in semantic nets have parallels in func-
tional and multivalued dependencies in logical database
schemas. The direct equivalence of logical data depen-
dencies in the Relational Model to some predicate cal-
culus expressions has been demonstrated and used in
database design [27,35].

In PRISM the enforcement of the relationships
specified in constraints is comparable to the propagation
of existence dependencies of mappings in database sche-
mas. Using constraint propositions within semantic nets
to represent database deéendencies allows a natural
clustering of related concepts and an associated index-

ing of those constraints.

2.2.1. The PRISM Constraint Language

The Constraint Language {CL) inherits structural
characteristics from specification languages like SPE-
CIAL [26] and Ina Jo [21], artificial intelligence languages
such as PLANNER [17], the Functional Data Model
specifications [31,15}], and from ADT specifications as
applied to database specifications [19].

A CL constraint consists of a collection of rules.
Each rule consists of a precondition, action and postcon-
dition sequence. Within each precondition and postcon-
dition, predicates are combined with the logical opera-
tors AND, OR, NOT and parentheses. Predicates name CL
metadata query functions. The optional action state-
ment contains a sequence of simple actions which name

CL atomic update procedures.

In PRISM a user request {or goal) is either to
ASSERT, DENY or TEST an information system fact. User
goals are determined in the precondition clause. Exam-

ple 1 shows an ‘instance’ constraint for an object named



’invoice’. The '$’ prefix denotes a variable.

Example 1.

CONSTRAINT: instance of: invoice;

PARMS: $invoice_instance;

PRECONDITION:  roleis{ASSERT);

ACTION: unitasa: $invoice_instance, invoice;

POSTCONDITION: assert(
invoice_number($invoice_instance,$integer_instance));

An ‘instance’ constraint specifies the conditions for a
user to create or update instances of a type. A CL con-
straint bundles functional rules that specify the seman-
tics of objects. Example 1 has a single rule which says
that "To assert the existence of an instance of type
‘invoice’, the instance must have associated with it an
invoice number.”" The ‘'invoice_number’ object is a map-

ping between ‘invoice’ and an integer id-number, that is,
invoice_number: invoice -> integer.

A CL constraint for ‘invoice_number' is shown in
Example 2. This constraint specifies that two actions will
occur: a unitasa and a unitmap only if the system can
obtain an integer invoice number from the user, and

$inv._num_inst is related to precisely one invoice.

Example 2.

CONSTRAINT: instance of: invoice_pumber;

PARMS: $inv_inst, $integer_inst;

PRECONDITION:  roleis(ASSERT) AND
NOT iscurrinstance( $integer_inst);

ACTION: unitasa: $inv_pum_inst, invoice_pnumber;
unitmap: $inv_num_inst, $inv_inst, Sinteger - inst;

POSTCONDITION: pmssg ("Enter invoice number”) AND
assert (inte%er%%integer_jnst) ) AND
mapcardinality ($inv_num_inst,”1:1");

2.2.2. Semantics of CL

To determine whether a constraint is satisfied, its
logical value is computed to TRUE, FALSE, UNKNOWN, or
EXCEPTION as the conjunction of the value of each rule

in the constraint.

To determine the value of each rule, the logical
value of a rule's precondition is first determined. Predi-
cates in preconditions are typically CL query functions
on the Fact Base or on environment parameters. If a
rule’s precondition evaluates to TRUE, the rule fires and
its ACTION statement is triggered, then the postcondition
is evaluated. The logical value of a fired ruls is the value
to which the postcondition expression evaluates. If a
precondition evaluates to FALSE, the rule is not applica-
ble and the value of the rule is TRUE, ie., it does not

affect the value of the constraint. Neither the action nor
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postcondition are evaluated in this case. If any predi-
cate or action evaluates to EXCEPTION, evaluation of the
constraint terminates with a value of EXCEPTION.
Expressions which evaluate to UNKNOWN combine with

logical operators as follows:

TRUE OR UNKNOWN -> TRUE

FALSE OR_UNKNOWN -> UNKNOWN
TRUE AND UNKNOWN -> UNKNOWN
FALSE AND UNKNOWN -> FALSE

A user goal is handled as a transaction that is not
committed until all subgoals are proved to be correct.
Actions, which are derived principally from the update
semantics of the Functional Data Model [15], specify
atomic update operations on instances in the Knowledge
Base. Atomic updates are only committed, i.e., updated
instances moved into the Fact Base, if assert, deny, and
test subgoals in postconditions are satisfied. In addition
to create, delete and update rules, ordering rules may
be added to instantiation constraints such that the crea-
tion or deletion of instances of the type propagates the
ordering. Security constraints and access constraints

are evaluated prior to instance constraints.

The syntax and semantics of CL constraints ensure
that an interpreter can complete an evaluation of rules

sequentially to derive a logical value for a constraint.

3. THE PRISM MODELING ENVIRONMENT

An initial set of constraint specifications loaded by
PRISM, when accessed via the Modeling Specialist, pro-
vides a user view of an information system prototyping
and modeling tool. The current implementation of
PRISM has over 100 constraints specified. PRISM is
implemented in the C Programming Language and runs
under the UNIX operating system. The user, with this
innate but redefinable knowledge core, is able to incre-
mentally define and test specifications of information

system objects.

The following facilities are provided in the initial
modeling image: 1) pragmatic types: session, transac-
tion, login, username, timestamp, etec., 2) Dictionary
Subsystem queries to display defined KB object names,
the Inference Engine state, etc., 3) trace facilities for
goal satisfaction, conjecture evaluation and constraint
activation, and 4) built-in types: integer, dollar, date,

alpstring, goal, etc.



If a user defines an information model using the
Modeling Specialist to update and populate these types,
the model will be a consistent extension of the initial
knowledge core model. For example, in designing the
PRISM user-interface, we used the PRISM metatypes to
develop the notion of a 'session’ which allows the Model-
ing Specialist to control interactions with the Inference

Engine.

Example 3 below shows the CL constraint for 'ses-
sion.’ Evaluation of the 'session’ constraint causes propa-
gation of the mappings shown in Figure 3 through the
enforcement of constraints on the objects named in the
schema. Figure 3 depicts the object relationships in
terms of the Functional Model. The double-headed
arrows denote set-valued mappings. Recall the duality of
functions (relationships) and objects in PRISM, as dis-

cussed in Figure 2.

Example 3:

CONSTRAINT: instance of: session;

PARMS: $tempsess;

PRECONDITION: __ roleis(ASSERT);

ACTION: unitasa: $tempsess, session;

, unitasa: $infosys,infosys;
unitasa: $usr,user;

POSTCONDITION; assert(login( $tempsess, $usr2)) AND
assert(access($tempsess,$infosys)) AN
assert(validusr($infosys, $usr)

* validate user *
REPEAT: assert ( sess_transaction ($tempsess)) AND
WHEN: NOT ask ("More transactions ?") VE;
ENDREPEAT;
asa($tempsess, dictobj);

sess_transaction

timestamp

username

alpstring

Fig. 3. Functional Model Representation
of Session Constraint

infosys_pame

A 'session’ instance will only be added to the dictionary
after a user has logged in, has accessed an information

system ‘infosys’ with unique 'infosys_name' for which he

is a 'validusr’, and has requested at least one 'transac-
tion’ which must be timestamped with the 'date’. Thus
the instantiation of a ‘session’ becomes a generalized
transaction involving the objects mentioned in the con-

straint.

3.1. The Modeling Specialist

The Modeling Specialist enables the user to instan-
tiate objects within a deflned information system (or
model), to query the facts regarding an information sys-
tem, and to extend a model level within the PRISM model
hierarchy. Transactions that seek to update models are
only committed if constraints on objects affected by the

transaction have been satisfled by the Inference Engine.

To test a model, the PRISM Modeling Specialist for-
malizes the object descriptions input by the user into a
set of conjectures. If a conjecture has been shown by
the Dictionary Subsystem reasoning tools to be con-
sistent with the current Knowledge Base, the definitions
of objects referenced in the conjecture are updated in
the Knowledge Base, effectively updating the information

model.

A model is determined to be inconsistent or incom-
plete when a reference to an undefined object is found
and a definition for it cannot be obtained. A conjecture
is not accepted if constraints that apply to an object

touched by the conjecture cannot be satisfied.

3.1.1. Starting A User Interaction

To start a simple interaction with PRISM, the user
passes the name of a type object to be instantiated to
the Modeling Specialist. The default entry point assumes
that the user’s goal is to instantiate the 'session’ object.
The Modeling Specialist gets a goal from the user (or a
subgoal from the Inference Engine), and creates a new
environment within which parameters that indicate the
goal's propagation purpose are set. Each environment
inherits the original Knowledge Base, the facts tenta-
tively established in descendent environments, and the
constraints from antecedent environments. If refer-
ences to objects in the environment are satisfled, the

antecedent environment can treat the goal as reached.
For example, the goal or subgoal

"assert( airport( $x ))", can be reached if the conjecture



that there exists an airport, $x, can be asserted to be
true. A formal econjecture is built for each gosl. In this
example, the conjecture would be "asa( $x, airport)".
The user’s purpose in this example is to assert that the
conjecture is true and to make whatever updates to the
Fact Base may be necessary to satisfy the conjecture.
However, updates may not satisfy the constraints in the

Constraint Base and thus the assertion may fail.

3.1.2. Conjecture Evaluation

Evaluation of a conjecture is done by the Inference
Engine. The result of conjecture evaluation is a value in
the four-valued logic employed for the Constraint
Language. If a conjecture is satisfled by the Inference
Engine, the implications are incorporated into the
environment to satisfy the goal. For instance, objects
marked as deleted are purged from the Knowledge Base.
Objects marked by tests are accounted for, for instance,
are retrieved into query result views, or recorded in an
access log. In the case of new properties of pre-existing
objects, the new properties are combined with the pro-
perties defined on the object in the antecedent environ-
ment. For example, the specialization of a type, if per-

mitted, adds a new constraint on the type.

As in the evaluation of a goal, each subgoal is
transformed into a sub-conjecture within an environ-
ment, and the Inference Engine invoked to satisfy the
sub-conjecture. The goal and conjecture satisfaction
processes are thus recursive, and use a depth-first
search strategy. Since constraint propagation requires
that most conjecture subtrees be completely traversed,

this is reasonably eflicient.

4. CONCLUSIONS

This paper has presented a knowledge-based

approach to semantic integrity specification and
enforcement in database systems. This approach has
several distinct advantages over conventional architec-
tures: 1) the knowledge base draws together all con-
straint specifications in ezplicit form so that they may
be examined by the user community and PRISM tools, 2)
the associative net organization of type objects provides
a uniform treatment of data and metadata — from data-

base instances through system control abstractions — so
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that users can not only understand the system but also
extend it to suit their needs, 3) the inference engine may
be used to validate system behavior by proving conjec-
tures about the knowledge base in response to user

goals, and 4) new knowledge, e.g., facts and constraints,

‘is added incrementally based on the inference engine's

success in verifying the conjectures.

User access to and control of metadata implies that
user views of the knowledge base could be used to
specify methodologies for database design, to control
access to database applications, and to incorporate new
‘domain’ experts, such as a ‘Time Expert,’ into the sys-

tem.

Research is needed into constraint management
tools to allow users to specify constraints, to determine
when constraints may lead to conflicts, and to compute a

minimal set of constraints for an information system.
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