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Abstract

CORAL is an object-oriented language for
parallel and distributed application program-
ming. Fully integrated into the language are
persistent classes which allow permanent sto-
rage of complex objects and database classes
which provide a transparent interface with a
relational database management system. The
combination of object-orientation, parallelism
and distribution, and persistence distinguishes
CORAL among database programming lan-
guages. Furthermore, the coupling of an
object-oriented programming system with re-
lational databases provides unique flexibility
and expressivity.

1 Introduction

During the past three decades, file systems and
database systems have been used by applica-
tions which require access to some form of per-
sistent data. Among those in use today, re-

*This research was performed while the author
was a Visiting Scientist at the Data Base Technol-
ogy Institute, IBM Santa Teresa Laboratory, San Jose,
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lational databases have emerged as the most
prevalent because of their simplicity of use and
automation of design, facilitated by the declar-
ative nature of relational query languages. Un-
fortunately, relational query languages have
significant limitations in their capabilities as a
result of their simplicity and it is often difficult
to manipulate complex data structures consist-
ing of many integrated components, as found
in modern data-intensive applications such as
software engineering environments, VLSI cir-
cuit design, graphical data manipulations, or
other scientific applications. These limita-
tions are often overcome by developing spe-
cialized software using an interface to the re-
lational database from a general-purpose pro-
gramming language, a task which requires in-
depth knowledge and expertise since, among
other things, the data structures provided by
programming languages and database systems
do not match well.

A major goal of object-oriented program-
ming is to increase software productivity and
quality. Unlike traditional procedure-oriented
programming, object-oriented programming
provides many high-level abstractions to ease
the programming effort. The development of
applications which require access to persistent



data in object-oriented programming should
be as productive and result in the same qual-
ity as the development of any other applica-
tions. To accomplish this goal, persistent ob-
jects should be supported in object-oriented
programming systems in a transparent man-
ner such that they can be defined and manip-
ulated like transient objects with little addi-
tional effort. For relational database objects,
because of the limitations of existing relational
database management systems and because of
other considerations, total transparency is not
feasible and may not be desirable. However,
the impedance mismatch problem should be
kept to a minimum.

This paper describes CORAL, a Concur-
rent Object-oRiented Application Language
developed at the IBM Palo Alto Scientific Cen-
ter, which permits the integration of persistent
objects and relational database objects into a
unified framework. These objects may be de-
fined and manipulated by the user in a conve-
nient manner transparent of their actual sto-
rage representations. Furthermore, CORAL is
designed for parallel and distributed applica-
tions allowing manipulation of concurrently ac-
cessed data or distribution of data over a net-
work of heterogeneous computer systems. In
the next section, we will survey related work
in the area of persistent data management.
Section 3 describes CORAL in more detail
and distinguishes it from other database and
object-oriented programming languages. Per-
sistent objects and relational database objects
are discussed in Sections 4 and 5, respectively.
Finally, we conclude with Section 6.

2 Related Work

Applications involving databases are often lim-
ited to what the database query language be-
ing used has to offer. To solve this problem, the
field of database programming languages has
arisen to integrate general purpose program-
ming languages with databases. This integra-
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tion must be more than an interface accom-
plished through procedure calls or an embed-
ding of a query language in a host language. To
accomplish complete integration requires that
programming languages be able to manipulate
data that persists beyond program execution.
This requires a uniform type system capable
of supporting object identity, inheritance, and
polymorphism [Atki87].

Developments in object-oriented database
systems [Kim89] also moved the program-
ming language and database fields closer to-
gether.  Object-oriented programming lan-
guages became the focal point for object-
oriented database management system devel-
opment, with C++ forming the basis for
the O++ database programming language
[Agra90] and the Gemstone database manage-
ment system based upon Smalltalk [Butt91], to
name a couple. Each of these efforts succeeds
by adding persistence to the base language.
Other database programming languages, both
object-oriented and non-object-oriented, are
described in [Banc89], [Banc92], and [Hull90].
Implementation of persistent objects is dis-
cussed in [Rose89] and [Dear90].

Many object-oriented database research
projects have continued to build upon the rela-
tional model (e.g., see [Malh90]). The combi-
nation of these two approaches appears to offer
many advantages over one or the other para-
digm singly [Catt91]. Many of the hindrances
in achieving the desired integration involve in-
adequate language constructs for manipulating
both object-oriented and relational data effec-
tively. There have been some reported devel-
opments of database programming languages
supporting both of these paradigms [Melt92].

Another emerging technology in database
systems is the capability of managing large
amounts of data distributed over many dif-
ferent physical locations [Ozsu91]. Presently
there are working techniques for handling dis-
tributed relations but there have not been
many solutions for distributing objects, largely
because of a failure to standardize upon an



object-oriented data model capable of sup-
porting distributed processing. A major ef-
fort, however, has been undertaken by the Ob-
ject Management Group to address this need

[OMGY1].

3 The CORAL Programming
Language

CORAL (Concurrent Object-oRiented Appli-
cation Language) [Chan90] is a programming
system designed to facilitate the construction
and execution of sequential, parallel and dis-
tributed applications in a transparent man-
ner. In addition to providing essential fea-
tures (with enhancements) which are present
in other object-oriented programming systems,
CORAL has the following unique characteris-
tics:

e Subtyping and subclassing are integrated
and a type hierarchy is maintained as a
sub-hierarchy of its class hierarchy

e Full concurrency is supported among ob-
jects and within objects

e Constraints may be used both to ensure
correctness and for concurrency control

e Direct interfaces are provided to conven-
tional languages such as FORTRAN and
C.

Furthermore, CORAL supports persistence of
complex objects and relational database ob-
jects, the primary focus of this paper.

A CORAL program is a collection of class
definitions and/or object definitions. A class
definition is a collection of definitions of at-
tributes, methods, class attributes, and class
methods. An object definition is a collection of
definitions of attributes and methods. A class
attribute and a class method characterize the
class as a whole rather than its individual in-
stances.

346

In CORAL object persistence is specified
through classes. There are three kinds of
classes: a persistent class, a relational database
class, and a transient class, with the latter be-
ing the default class. Here we illustrate the
definition of transient classes with an exam-
ple from [Chan91]. Persistent and relational
database classes will be discussed further in
later sections.

class particle

{

attribute double x;
attribute double y;
attribute double z;
void update

{
h

class:
attribute double x;
attribute double y;
attribute double z;
void update

{
%

(in double dx, in double dy, in double dz)

(in double dx, in double dy, in double dz)

h

This example defines a particle class with at-
tributes x, y, and z. An update method (func-
tion) is provided, with no return value (i.e.
void return type), and input parameters dx,
dy, and dz. There are similar class (aggre-
gate) attributes to represent the geometric cen-
ter position of all particles (instances of the
particle class) and an update class (aggregate)
method to update these class attributes.

A class may be defined with generic types
for attributes, methods, parameters, or local
variables. Generic types must be instantiated
with specific basic types or class types at ob-
ject creation. Similarly, a class may be defined
with generic parameters, which may be used in
the class definition as variables and which must



be instantiated with specific values at object
creation.

CORAL maintains a network-structured
class hierarchy with the system-defined Object
class as the parent class of all other classes.
Classes may be defined as subclasses of one or
more classes (i.e., multiple inheritance is sup-
ported), in which case they inherit the proper-
ties of their superclasses. Inherited properties
can be renamed or redefined. An example of
this type of behavior is shown below:

class binaryGen: randomGen

{
attribute double percentTrue;
void Init()

{
h

superlnit
from randomGen
named Init;

h

The class binaryGen inherits all attributes and
methods of randomGen and has its own per-
centTrue attribute and Init method. The Init
method inherited from randomGen is renamed
as superlnit.

Not every subclass is a subtype of its su-
perclass since the redefinition of its inherited
properties may violate the subtype conformity
rules [Chan92]. CORAL maintains a type hier-
archy in addition to its class hierarchy to pro-
vide safety in polymorphism.

In CORAL an object may be defined in-
dividually. The advantages are that it is not
necessary to define separate classes for objects
which have only a single instance and an object
may be defined as an instance of a class but
with its own unique characteristics. Objects
can be defined with attributes and methods.
For example,

Object particle_1: particle
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attribute double mass;

double get_weight/()

{
h

Objects are encapsulated units and can
only communicate with each other through
message passing, which is represented syntac-
tically using the customary dot notation, ob-
ject_name . attributename or object_name

method name. The tight encapsulation
of CORAL objects enhances parallel and dis-
tributed processing by treating each object as
an independent computational unit which can
be executed as a single process, thus facil-
itating program partitioning as well as pro-
cess communication, synchronization and allo-
cation. The amount of concurrency is limited
only by the number of objects and/or available
processors. It is important to note that con-
currency is transparent as the same CORAL
program may be executed sequentially, concur-
rently, or distributedly without modification.
The only additional information required for
parallel and distributed execution is a separate
process allocation file which specifies the allo-
cation of objects to processes and processes to
pProcessors.

CORAL also allows the definition of
methods which call external routines written in
conventional languages, thereby supporting al-
ternative programming paradigms and legacy
software. Data conversions between CORAL
and the supported languages are performed au-
tomatically.

In addition to the object-oriented para-
digm, CORAL supports a number of sub-
paradigms within the object-oriented frame-
work. These include the procedural para-
digm (through methods), constraint-based pa-
radigm (through constraints and pre/post-
conditions), and rule paradigm (through trig-



gers).

Further details about CORAL will be dis-
cussed in the following with reference to its
features to support persistent objects and re-
lational database objects.

4 Persistent Objects

CORAL achieves the goal of supporting per-
sistent objects in a transparent manner by ex-
tending the programming construct of classes
with the property of persistence. In CORAL
one can designate any class to be a persistent
class. A class without specific designation is,
by default, a transient class. All instances of
a persistent class are persistent objects whose
state data are stored in files. At run-time,
prior to the execution of a program, CORAL
automatically creates all these instances and
retrieves their state data from the file. Later,
after the execution of the program, CORAL
automatically stores their updated state data
to the file. If any instance was destroyed dur-
ing the program execution, CORAL will re-
move its state data from the file. Also, if new
instances are created during the program ex-
ecution, CORAL will add their state data to
the file.

4.1 Data Types

All data types in CORAL are supported for
persistent classes. Currently, there are 12 data
types as listed in the following:

e boolean
e long

e double
e string

e complex

e class (object identifier)
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e array of boolean
e array of long

e array of double
e array of string

e array of complex

e array of class

4.2 Data Definition and Manipula-
tion

Persistent classes are defined in the same man-
ner as transient classes. The only exception is
the designation of persistence through the use
of the keyword persistent as shown in the fol-
lowing:

class employee
- persistent
{

attribute string name;
attribute long number;
attribute double salary;

h

Persistent objects can be manipulated like
any transient objects. Therefore, the full
programming capabilities of CORAL are sup-
ported for persistent objects. In addition to
navigational accesses through object references
which are common in object-oriented systems,
CORAL provides the following set-oriented ac-
cess functions based on classes and objects:

1. class hierarchy
ancestorClassOf, descendant-
ClassOf, classOf, classInstanceOf, sub-
classOf, superclassOf

2. type hierarchy

ancestorTypeOf, descendant-
TypeOf, typeOf, instanceOf, subtypeOf,
supertypeOf



3. attribute access
attributeNames, attributeTypes,
attributeValues, setAttributeValues

An example is shown in Figure 1. This
CORAL program segment declares an object
t_employee with a function Init to create, ac-
cess, destroy and print employee objects, as
defined earlier. The local variable ‘e’ is de-
clared as an employee object, and then twice
assigned to a newly created employee object.
Each invocation of the Create method instan-
tiates the object of the given class, employee,
and two different employee objects are cre-
ated. The numberOflnstances method applied
to the class employee returns the number of
employee objects in existence, hence emp will
be an array of exactly the size needed to hold
the employee objects. The application of the
instanceOf method will then instantiate the ar-
ray to the set of employee objects in existence.
The Destroy method destroys the object as-
sociated with emp [1]. Since each invocation
of the function Init creates two new employee
objects and destroys one (the “first” existing
one), executing this program repeatly will in-
crease the number of persistent employee ob-
jects by one each time.

4.3 Schema Evolution

An important consideration in supporting per-
sistent objects is that the definitions of persis-
tent classes may change over time. Therefore,
the persistent objects may become inconsistent
with the new definitions. CORAL provides a
schema, evolution mechanism to address this
issue.

The schema evolution mechanism is de-
signed to provide both transparency and user
control. If the new schema of a persistent
class is correct and a user confirms it, CORAL
will perform automatic adjustments and con-
versions on the outdated persistent objects to
make them consistent with the new schema.
On the other hand, if the new schema is in er-
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ror, a user can override the automatic transfor-
mation process such that the original schema
and persistent objects remain intact.

The structure of the schema evolution
mechanism is shown in Figure 2. The schema
evolution mechanism consists of four compo-
nents: schema analyzer, user confirmation, ob-
ject transformer, and object re-organizer.

The schema analyzer analyzes the differ-
ence between the old schema and the new
schema. If any of the following is detected,
it indicates that automatic transformation is
required:

e added new attributes

deleted attributes

changed attribute names

changed attribute types

changed order of attributes

The user confirmation component inter-
acts with a user to confirm that the automatic
transformation process should be carried out
on the affected persistent objects.

The object transformer performs auto-
matic adjustments and conversions on the af-
fected persistent objects such that they be-
come consistent with the new schema. Type
conversion is done if needed.

The object re-organizer re-structures the
file such that it is consistent with the new
schema.

5 Relational Database Ob-

jects

Applications using relational databases to
store persistent data have been developed for
more than a decade and a large amount of
data has been accumulating in the relational
databases. Traditionally in order to access this



data from an application, one must use the
programming language interface facility pro-
vided by the appropriate relational database
management system. This requires consider-
able expertise and also the interface facility is
very much database-vendor dependent.

CORAL provides a transparent means for
accessing and storing persistent data stored
in relational databases through the use of
database classes. Any class in a CORAL pro-
gram may be designated as a database class.
All instances of a database class are persis-
tent and their state data (or part of their state
data) are stored in a relational database.

In general the relational database already
exists and is shared with other applications.
As such, a database mapping file must be de-
fined which specifies the mapping between each
CORAL database class to one or more (in
the case of join) relational tables. In addi-
tion, the mapping between the attributes of
each database class to the columns of its cor-
responding table(s) must also be defined.

If, on the other hand, the relational
database is not shared with other applications,
the database mapping file is not required. In
such cases CORAL will automatically create
the relational tables based on the definitions
of the database classes, if they do not already
exist.

5.1 Data Types

Due to the limitation of commercial relational
database management systems, only attributes
of data types which are supported by the re-
lational database systems can be made persis-
tent. These data types include:

e long

e double

e boolean

e string
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A database class, however, can be defined with
attributes which are of other data types, in
which case these attributes are transient in na-
ture.

5.2 Data Definition and Manipula-
tion

Database classes are defined in the same man-
ner as transient classes. The only exception
is the designation of persistence through the
use of the keyword database as shown in the
following:

class employee
- database
{

attribute string name;
attribute long number;
attribute string dept;
attribute double salary;

%

In the case where a database mapping file
is needed, it must specify the mapping between
each CORAL database class to one or more
(in the case of join) relational tables. In ad-
dition, the mapping between the attributes of
each database class to the columns of its cor-
responding table(s) must also be defined. An
example is illustrated in the following:

database
class employee
table emp, dept
condition
“emp . deptno = dept . deptno”
attribute
name
table emp
column ename ;
number
table emp
column empno ;
dept
table dept
column dname ;
salary



table emp
column sal ;
end

Relational database objects are treated
similarly to any other CORAL object.
addition to navigational accesses through ob-
ject references which are common in object-
oriented systems, CORAL provides many set-
oriented access functions based on classes and
objects. These have been described earlier in
relation to persistent objects.

In

Since relational databases are likely to be
shared with other applications, CORAL pro-
vides high-level database operations to allow
a user explicit control over the definition and
manipulation of relational databases associ-
ated with database classes. The operations re-
lated to data definition are:

e existence check
e create

e delete

e type check

and those related to data manipulation in-
clude:

e lock

e retrieve
e update
e commit

e abort

An example for illustrating the use of data
manipulation operations is shown in Figure 3.
The actions being taken by this CORAL pro-
gram segment are the same as for the exam-
ple given with persistent classes earlier. How-
ever, to interface with the relational database
in a concurrent environment, we first lock the
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database object using dblock and then re-
trieve it using db_retrieve. After making the
necessary modifications locally, db_update up-
dates the database to reflect these modifica-
tions and db_commit commits to the transac-
tion. The CORAL db commands are trans-
lated into corresponding SQL commands to
control the relational database being manip-
ulated.

6 Summary and Conclusions

CORAL has been shown to be a powerful pro-
gramming system by making persistent object
management an integral part of a program-
ming system. Since both persistent objects of
a complex nature and relational database ob-
jects are included, CORAL programs may use
both object-oriented and relational database
paradigms within a single integrated frame-
work.

A uniform interface is provided for the
definition and manipulation of all objects,
including transient, persistent and relational
database objects. For persistent and relational
database objects, CORAL takes care of all the
details regarding the storage and retrieval of
their state data in files or databases. This
makes all storage aspects of CORAL objects
transparent to the applications programmer.

The integration of relational database
technology into CORAL using the established
SQL paradigm allows CORAL applications to
be constructed on top of existing SQL systems,
thereby extending those systems with support
for complex object manipulation.

CORAL is a stand-alone system for
database processing but with its interface to
other programming languages, it is also an at-
tractive addition to any existing system which
has need for database processing. We ex-
pect that integration of existing systems with
CORAL would be very convenient in contrast
with integrating other database management



systems.

Support for parallelism and distribution
among CORAL objects also allows concur-
rent and distributed access to databases us-
ing CORAL. Any CORAL objects, includ-
ing persistent objects and relational database
objects, can be distributed among remote
nodes of a multi-computer network for exe-
cution. One can therefore develop applica-
tions which utilize distributed persistent ob-
jects and distributed relational database ob-
jects which access relational databases, work-
ing cooperatively to solve computational prob-
lems. We believe that CORAL is the only
existing database language which integrates
object-orientation, relational database tech-
nology, and parallel and distributed comput-
ing.

Presently we are designing the necessary
concurrency control mechanisms to manage
persistent object distribution in the appropri-
ate way. Distribution of relational database
objects is currently handled through the un-
derlying SQL database manager that CORAL
interfaces with.

We are standardizing the CORAL lan-
guage syntax and semantics to be compatible
with CORBA IDL, the Common Object Re-
quest Broker Architecture Interface Definition
Language [OMG91], thereby keeping CORAL
at the forefront of modern database program-
ming languages. It is also our plan to extend
CORAL by providing capabilities for inferenc-
ing and deductive rule-based computation to
support knowledge-based applications.
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Object t_employee

{

%

void Init()

{

employee e;

e = employee . Create();
e . name = “Susan”;

e . number = 1000;

e . salary = 2500.5;

e = employee . Create();
e . name = “John”;

e . number = 2000;

e . salary = 3500.5;

{

long i;

long n = numberOflnstances (employee);

employee emp|[n];

emp = instanceOf (employee);
employee . Destroy (emp [1]);

for i=1li<=n;i=1+1)
print [label] emp [i] .

name, emp [i] . number, emp [i] . salary;

Figure 1: Persistent Object Example
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Fomm + e + Fom +
| Schema | | Object | | Object |
| Analyzer | | Transformer | | Re-organizer |
o + o + e +
A A A
i + I |
| | User I | |
| | Confirmation | | |
e + I |
| A | |
| | | |
+-———t | | Fo——————— +
| | | |
| | | |
\ V v V
e + Fom +
| Persistent Classes | <----> | Persistent Objects |
o + Fmm +

Figure 2: Schema Evolution in CORAL
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Object t_employee

{

void Init()

{

employee e;

db_lock employee;
db_retrieve employee;

e = employee . Create();
e . name = “Susan”;

e . number = 1000;

e . salary = 2500.5;

e = employee . Create();
e . name = “John”;

e . number = 2000;

e . salary = 3500.5;

{
long i;
long n = numberOflnstances (employee);
employee emp|n];

emp = instanceOf (employee);
employee . Destroy (emp [1]);

for i=1i<=n;i=1+1)
print [label] emp [i] . name, emp [i] . number, emp [i] . salary;

}

db_update employee;

db_commit;

Figure 3: Relational Database Object Example
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