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Abstract

Relationships have been repeatedly identified as an important object-oriented modeling con-
struct. Most emerging modeling standards such as the ODMG object model and UML have some
support for relationships. However OODB systems have largely ignored the existence of relation-
ships during schema evolution. We are the first to propose comprehensive support for relationship
evolution. A complete schema evolution facility for any OODB system must provide primitives to
manipulate all object model constructs; and maintenance strategies for the structural and referen-
tial integrity of the database under such evolution. We propose a set of basic evolution primitives
for relationships as well as a compound set of changes that can be applied to the same. However,
given the myriad of possible change semantics a user may desire in the future, any pre-defined set
is not sufficient. Rather we present a flexible schema evolution framework that allows the user to
define new relationship transformations as well as to extend existing ones. Addressing the second
problem, namely of updating schema evolution primitives to conform to the new set of invari-
ants, can be a very expensive re-engineering effort. In this paper we present an approach that
de-couples the constraints from the schema evolution code, thereby enabling their update without
any re-coding effort. We also present an approach that can be used to verify the correctness of
these complex evolution operations using the de-coupled constraints.

Keywords: Schema Evolution, Relationships, Object-Oriented Databases, Consistency Manage-

ment.

1 Introduction

Object-oriented database (OODB) systems today are popular with communities that model complex
data types, such as Computer Aided Design (CAD), multimedia applications and e-commerce appli-
cations [39]. The very nature of these applications has also brought forth the need for the OODB

systems to provide mechanisms for (1) modeling associations between types and (2) for dynamically
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changing not only the data but also the structure of the types that contain them [45]. Research
and industry alike have rushed forth to fulfill these requirements but have approached them as two
independent problems with independent solutions. Relationship modeling has been a much studied
topic such as in composite objects [27] or in aggregation relationships [7, 13] and has been adopted
to some degree in commercial OODB systems [35, 36]. While most OODB systems to date provide
some basic evolution support [48, 35, 4], the OODB community at large does not treat the relation-
ship construct as a first-class entity. Thus, while there is some relationship support at the data level,
evolution support for relationships has not been investigated. Our work is the first to bridge this
gap and to provide a complete framework for the support of schema evolution for relationships.

A complete schema evolution facility for any OODB system must provide the ability to manipulate
and change any the object model construct. To achieve this goal a new set of schema evolution
primitives to evolve the new construct(s) is required. The OODB system must also maintain the
structural and referential integrity of the database. That is, the existing schema evolution primitives
must be changed to assure that they now obey the new constraints of the new object model augmented
with the relationship construct. For the relationship construct [13] we now propose a set of schema
evolution primitives to handle their addition and deletion. One example of such a primitive is
form-relationship that creates a bi-directional relationship between two classes that already have
two independent uni-directional relationships.

Evolution primitives maintain the consistency of an OODB system by preserving the invariants of
the object model at all times. However, an update to the object model changes the set of invariants.
Hence, the existing evolution primitives must be updated to conform to the invariants of the new
object model. Consider, for example, the existing evolution primitive delete-class. Today, while
most OODB systems provide support for relationships by modeling them as reference attributes, the
evolution primitives such as delete-class treat them as literal attributes. And while at the object
level most OODB systems perform referential integrity checks to ensure referential consistency, at
the schema level, referential relationships are largely mistreated during schema evolution, resulting
in structurally inconsistent schemas. And while most systems may be able to trap and deal with the
referential problems, the schema inconsistencies are often ignored.

However, updating the schema evolution primitives to now conform to the new set of invariants
is a huge re-engineering effort. To diminish the cost of updating an existing schema evolution
facility while still providing a consistency preserving schema evolution facility, we propose Evolution
Wrappers based on the concept of Software Contracts [32] to maintain existing schema evolution
primitives in the light of a changing object model. These contracts, declarative in nature, are easy
to update and can be changed without the overhead of re-coding.

For relationships, a complex construct with numerous special properties such as cardinality, uni-



vs bi-directional, etc., a pre-defined primitive set of operations is not sufficient. Many different
primitives may be combined to compose more complex transformations. Moreover, this must all be
executed atomically like any pre-defined system-provided primitive. We provide a framework that
offers such composite evolution operations while maintaining the integrity and the atomicity of the
operations themselves.

A big drawback of the compound primitives is their lack of flexibility. A user, such as a DBA ad-
ministrator, may wish to create a bi-directional relationship between two completely disjoint classes.
Two options for the user are to (1) have the system provide a schema evolution primitive to handle
this scenario or (2) write an ad-hoc program to accomplish the same. From a system’s perspective
to a-priori assess the needs of the users and to plan for it in a hard-coded fashion is a hard if not an
impossible problem. On the other hand, ad-hoc programs by the users do not have any guarantee
of consistency or atomicity. Thus it is necessary to offer extensibility in our framework that would
allow not just the system but also the users to express desired transformations while still providing
the guarantee of database integrity as well as the atomicity of the transformations. The solution
we present in this paper based on SERF [17] provides an extensible and flexible schema evolution
framework for supporting complex relationship evolution.

However, atomicity has a price and while a roll-back based support for consistency might be
adequate for some types of application programs, it is a very expensive management strategy for
schema evolution programs. Consider a large schema evolution program which may take over 24
hours [22]. A roll-back due to the detection of an erroneous condition in the 23" hour is not an
attractive or a viable option. It would be much preferable to have a guarantee of success before
executing the evolution program. An alternative approach would thus be to allow for verification of
schema evolution programs prior to their execution. We present here this alternative approach, a
theorem prover to verify the correctness of an operation prior to its execution.

Contributions. In this paper we present a complete solution framework, ROVER, for the
evolution of relationships which provides for consistent evolution of relationships while supporting

extensibility for user-defined evolution operations. In [16], we made the following contributions:

e We identify the problem that current OODB systems while offering relationship support in their
object models do not handle evolution of such relationships. We characterize the consistency

problems that arise from the use of the existing evolution primitives in these systems;

e We propose a minimal set of new evolution primitives needed for supporting the evolution of

both uni-directional and bi-directional relationships;

e We propose a set of compound evolution primitives for relationships;



e We generalize our approach such that users as opposed to the system can now extend the set of
schema evolution operations provided by the OODB with their own complex schema evolution

operations for relationships; and

e We present ROVER Wrappers to reduce the re-engineering costs that would otherwise be

incurred in updating the old schema evolution primitives to conform to the new set of invariants.

In this paper, we further extend this work and show now, how the contracts can indeed be utilized
to verify the correctness of a ROVER Wrapper. We thus present here an approach for verification

of a ROVER Wrapper via a theorem prover.

2 Background

In this section, we briefly introduce relationship constructs as defined by the Object Database Man-
agement Group (ODMG), while full details can be found in [13]. Paralleling the concept of foreign
keys in relational databases, object models almost always have support for the association between
two classes. Most models support the notion of a reference attribute which defines a one-way as-
sociation between two classes. The ODMG object model also defines the notion of a bi-directional
association wherein if class A refers to class B then class B must refer to class A. The user can define
the cardinality of these references as one-to-one, one-to-many or many-to-many. To capture this
notion of association, we use the referential relationship (—) that specifies when one type refers to
another type; and a bi-directional relationship («—) that specifies a referential relationship and its
inverse.

Table 1 presents some of the notation and functions for querying the system dictionary as used
in the paper.

Table 2 lists the basic schema evolution operations that are supported by most OODBs [35, 48].

3 Minimal Primitives for Relationship Evolution

In this section we present a set of evolution primitives needed for the evolving uni-directional (unary)
and bi-directional (binary) relationships. The primitives presented here are minimal in that they
cannot be decomposed into any other evolution primitives and essential in that they are all required
for the evolution of relationships [21]. They can be composed together with other evolution primitives

to form more complex transformations, as we will discuss in Section 5.



‘ Term ‘ Description
types(C) The set of all types in the system
s, t, T, L Elements of types(C)
o(c) Type of class ¢
super(t) The set of all direct supertypes of type ¢
super* (t) The set of all direct and indirect supertypes of type ¢
sub(t) The set of all direct subtypes of type ¢
sub*(t) The set of all direct and indirect subtypes of type ¢
in-paths(t) The set of all paths <c,r> referring to type ¢
in-degree(t) The count of all paths referring to type ¢
out-paths(t) The set of all paths <t,r> going out of type ¢
obj-in-degree(o0;) | The number of objects referring to the object o;

Table 1: Axiomatic Notation of Schema Changes

Evolution Primitive
add-class(c, C)

Description | Error Condition |

Add new class ¢ to C in the
schema S
Delete class ¢ from C in the
schema S

Class c already exists in S

delete-class(c) c has sub-classes

add-ISA-edge(c,, cy)
delete-ISA-edge(cy, c)

add-attribute(cy, ay, t, d)

Add an inheritance edge from
class ¢; to ¢y
Delete the inheritance edge from
class ¢ to ¢y
Add attribute a, of type t and

there exists an edge from some
class ¢, to ¢y
c, is root class

a, already exists in ¢,

default value d to class ¢, and to
all its subclasses

Delete the attribute a, from the
class ¢; and removes it from all
its subclasses

delete-attribute(cy, as) a, does not exist in class c,

Table 2: Taxonomy of Basic Schema Evolution Primitives.

3.1 Evolution of Unary Relationships

As per the ODMG object model and other object models [48], unary relationships are modeled using
a reference attribute. For example, Figure 2 shows a unary relationship between classes Teacher
and Course via the reference attribute teaches. We propose two evolution primitives add-reference-

attribute() and delete-reference-attribute() that allow us to add and delete a unary relationship.

Add-reference-attribute. The add-reference-attribute primitive adds a uni-directional rela-
tionship between two types. For example, the primitive add-reference-attribute ( Teacher, teaches,
Course, null) adds a reference attribute teaches of the type Course to the class Teacher. Its de-

fault value is set to null. The domain type of the reference attribute signifies the cardinality of the



class Teacher {
° attribute Course teaches;
}

Figure 1: Graphical Schema Description

of the Unary Relationship between Classes Figure 2: ODMG Syntax for a Unary Rela-
Teacher and Course. tionship, teaches.

relationship. Thus, a Set signifies a many relationship and a type signifies a one relationship. In
this example, we thus have an one-to-one relationship as Course is an application type signifying a

cardinality of one.

Delete-reference-attribute. The delete-reference-attribute primitive deletes an existing
uni-directional relationship between two types. For example, the primitive delete-reference-attribute
(Teacher, teaches) deletes the complex attribute teaches from the class Teacher. This primitive is

an inverse operation of the primitive add-reference-attribute.

3.2 Evolution of Bi-directional Relationships

The ODMG relationship syntax for Figure 3 is given in Figure 4. In the class Teacher the attribute
teaches is a reference attribute of type Course and the inverse of this relationship is given by
the attribute is-taught-by in class Course. A bi-directional relationship implies special update
semantics, i.e., any update of objects in one class Teacher will be automatically reflected in the other
class Course. A binary relationship thus is modeled by the following characteristics: a source-class
(Teacher), inverse-class (Course), the source-relationship-name (teaches), the inverse-relationship-
name (is-taught-by), cardinality of the relationship in the source class referred to as source-card
(many), cardinality of the relationship in the inverse class referred to as inverse-card (one), type of
storage (class or set) for the source relationship source-type (set<Course>), and type of storage for

the inverse relationship inverse-type (Teacher).

class Teacher {
relationship set<Course> teaches
inverse Course::is-taught-by;

teaches
Teacher _® }
iotaght by class Course {

relationship Teacher is-taught-by
Figure 3: Graphical Schema De- inverse Teacher::teaches;

scription of the teaches — is-taught- }
by Bi-directional Relationship.

Figure 4: ODMG Syntax for Specifying a Bi-Directional
Relationship.



As a bi-directional relationship can be divided into a pair of uni-directional relationships between
the two classes, only two additional primitives are needed for manipulating bi-directional relation-

ships: form-relationship and drop-relationship (see Table 3).

The form-relationship primitive elevates the status of two already existing uni-directional re-
lationships between two types. For example, in Figure 3 form-relationship(Teacher, teaches, Course,
is-taught-by) indicates that the two uni-directional relationships

Teacher.teaches and Course.is-taught-by are to be modeled as a bi-directional relationship.

The drop-relationship primitive transforms a bi-directional relationship to a pair of uni-directional
relationships. For example, drop-relationship(Teacher, teaches, Course, is-taught-by) decomposes the
binary relationship into two separate uni-directional relationships Teacher.teaches and Course.is-taught-bj
Henceforth, the two relationships are maintained independently of the other. Any update to one re-
lationship will not affect the other relationship.

Other evolution operators needed for the support of relationships, such as changing the cardinality
or changing the domain type, can be accomplished via a combination of the already available basic
primitives and hence do not require any additional primitives (see Section 5 for more details). Table 3

summarizes the new evolution primitives for relationships.

‘ Evolution Primitive Description ‘

add-reference-attribute(cy, 13, ¢y, d) | Add unary relationship from class ¢, to class ¢,
named 7, with default value d

delete-reference-attribute(cz, 1) Delete unary relationship in class ¢, named 7,

form-relationship(cy, 15, ¢y, Ty) Promote the specified two unary relationships to
a binary relationship

drop-relationship(cy, 14, ¢y, Ty) Demote the specified binary relationship to two

unary relationships

Table 3: Taxonomy of Basic Evolution Primitives for Relationships.
4 Compound Evolution Operations for Relationships

While providing some basic capability to evolve relationships these evolution primitives alone are not
sufficient to manipulate all the properties of a relationship. For instance, using only the primitives in
Section 3 users are unable to change the cardinality of the relationship, i.e., change from a collection
to an application type or vice versa. This change could however be accomplished by a combination
of other existing schema evolution primitives. Similar to Breche [10] and Lerner [29] we now support

atomic system-defined evolution operations that are composed of several (basic) evolution primitives.



change-cardinality-m1(c,, r;, t4, inverse-c,, inverse-r,) {
// Drop the relationship to two individual uni-directional relationships
drop-relationship(c,, r,, inverse-c,, inverse-r,)

// Create a new attribute in class c;. The attribute
tmp-Attr is a system generated name for a temporary attribute
add-attribute(c,, tmp-attr, tg, null);

// As we are moving a from a multi-valued relationship to a
// single-valued relationship, we need to provide this conversion
// for each object in the extent. We use a default here, i.e. find
// the most-common-value of the set r,, and use that as a
// representative value for the tmp-attr. Other, user-defined
// functions can be used instead.
while ((o = extent(cg).nextElement()) != null)
o.tmp-attr = most-common(o.ry);

// Remove the attribute r,, from class ¢,
delete-attribute(c,, ry);

// Rename the attribute tmp-attr to ry
rename-attribute(c,, tmp-attr, r,);

// Form bi-directional relationship from two uni-directional relationships
form-relationship(c,, r,, inverse-c,, inverse-r,)

Figure 5: A Compound Primitive to Change the Cardinality of a Relationship.

In our work we identify the set of complex operations to evolve the different properties of a
relationship construct. As an example, Figure 5 depicts a system-defined operation to accomplish a
cardinality change, i.e, it changes the cardinality of a relationship from many (set) to one (an applica-
tion type). In this example, we first use the drop-relationship primitive to break the bi-directional
relationship into two individual uni-directional relationships. The primitive add-attribute adds a
temporary attribute tmp-attr whose domain is representative of the cardinality change. Let the
domain of tmp-attr be t4. In the next step, for all objects in the extent of the class c,, we need to
convert the set value (r;) to a singleton. We use a system-defined method most-common(r,) that
finds the most commonly occurring object a; in a given collection r,. Thus, for all objects in the
extent of c,, the single-value attribute tmp-attr is assigned a, the most common occurring value
in the object’s collection r,. We then delete the attribute r, and rename the temporary attribute
tmp-attr to r,. As alast step we re-formulate the bi-directional relationship between the two classes.
This evolved relationship is now a one-to-one relationship as opposed to a one-to-many relationship.

Table 4 summarizes the set of compound changes necessary to manipulate a bi-directional rela-

tionship.



Compound Evolution Operation ‘ Description ‘

change-cardinality-1m(cy, 1, mg) | Change cardinality of relationship r, in class ¢, from
its current type to collection my
change-cardinality-m1(cy, 15, tg) | Change cardinality of relationship r, in class ¢, from
collection my to type tq

change-rel-name(cy, 5, Yq) Change name of relationship r, in class ¢, to yqg
change-type(cy, 12, tq) Change type of relationship r, in class ¢, to tg

Table 4: Taxonomy of Compound Evolution Operations for Relationships.

5 Flexible Evolution of Relationships

One of the biggest drawback of the compound evolution primitives presented in Section 4 is their pre-
determined semantics for the compound changes. Consider for example the rather simple semantics
for a compound change, change-cardinality-ml shown in Figure 5. We arbitrarily use the most
commonly occurring object value as the single-value representative. However, other conversions at
the object level such as taking the first, last, or median value of the set values are possible. By
hard-coding these compound changes, the user has no flexibility to alter their semantics.

This set of evolution primitives, simple or compound, is pre-determined and fized not allowing
the user! any flexibility. Consider that the user now wishes to build a bi-directional relationship
between two types where only one uni-directional relationship exists?. The only alternative would
be to write an ad-hoc program that combines existing primitives without the atomicity and consis-
tency guarantees that a system-defined primitive would have. To address these issues we present
our framework which gives users the flexibility to alter semantics for compound changes as well as
extensibility to define their own schema evolution operations while being guaranteed the atomicity

of the operation and the consistency of the database.

5.1 SERF: A Framework for Extensible Schema Evolution

Our solution [17] is based on the hypothesis that complex schema evolution transformations can be
broken down into a sequence of basic evolution primitives glued together by a language that can do
complex compositions. We choose here a declarative language, i.e., a query language such as OQL
[13].

Users can now on-the-fly introduce new transformations when desired. For example the trans-
formation in Figure 6 converts the schema of Figure 1 to the schema depicted in Figure 3. To

accomplish this we first create the uni-directional relationship between the class Course and the

!By user we imply a database administrator who has knowledge and permission to alter the structure of the database.
2This is as opposed to two uni-directional relationships between the two types, as required by schema evolution
primitive form-relationship.



class Teacher with the name is-taught-by. Once we have two uni-directional relationships we
can use the form-relationship evolution primitive to convert them to a bi-directional relationship.
This operation is defined by the user within the confines of our framework that can guarantee the
atomicity and consistency of the system.

// This transformation adds a relationship between two partially disjoint classes

/'i.e., one class has a one-sided relationship to the other. This transformation
I also performs the abject transformations.

add reference_attribute (Course, is-taught-by, Teacher, null);

/I Get the extent of the class

define extents (cName) as
select ¢
from cNamec;

// Do the object transformations
/I set: Course.is-taught-by = Teacher
for all obj in extents (Teacher):

obj.teaches.set(obj.teaches.is-taught-by, obj);

// forma binary relationship
form-relationship(Teacher, teaches, Course, is-taught-by);

Figure 6: Transformation From Uni-directional to Bi-directional Relationship

SERF Template. An OQL transformation as in Figure 6 flexibly allows a user to define different
schema transformations. However, these transformations are not generic, i.e., they cannot be applied
to other existing classes or different schemas. For example, the transformation shown in Figure 6 is
valid only for the classes Teacher and Course. To address this, we introduce the notion of templates
[17]. A template uses the query language’s ability to query over the meta information (as stated in
the ODMG Standard) and is enhanced by a name and a set of parameters to make transformations
generic and re-usable. Figure 7 shows a templated form of the transformation presented in Figure 6.
Here we query the meta information to discover the type of the attribute source-attrib-name
and then add the inverse-attrib-name to it (shown in Courier font). The object transformation
here remains the same as in the transformation of Figure 6. This template shows how we can take
advantage of the single referential relationship and perform the object transformations all within our

template structure.

10



begin template add-inver se-relationship ( sour ce-class, sour ce-rel-name, inver se-name)

{

/I find the inverse class
refClass = select c.attrType
fromAttribute c
where c. nane = $source-rel Nane and
c. parent.name = $source-cl ass;

/l add the reference attribute to the inverse class
add-reference-attribute (refClass, $inverse-name, $source-class, null);

/I get the extent of the class
define extents (cName) as
select ¢
from cName c;

/I object transformations
for al obj in extents ($source-class):
obj.$source-rel-name.set( obj.$source-rel-name.$inverse-name, obyj);

/I create the bi-directional relationship
form-relationship ($source-class, $source-rel-name, refClass, $inverse-name);

}

end template

Figure 7: Template for Converting a Uni-directional Relationship to a Bi-directional Relationship

6 Contract-Based Solution for Consistent Relationship Evolution

Conventionally, schema evolution primitives contain hard-code constraints that parallel the invariants
of the object model. These constraints must be satisfied in order to guarantee the consistency of
the system. Changes in the object model result in changes to the invariants which may in turn be
reflected as an update to schema evolution operations [18]. This is an expensive process requiring
the re-engineering of the affected software. Our approach ROVER instead focuses on de-coupling the
constraints from the actual implementation code of the schema evolution operations. To accomplish
this we introduce the notion of contracts, a declarative mechanism for expressing the constraints for a
template. A ROVER Wrapper is a template with contracts. Changes to the invariants of the object
model now merely result in the update of the declarative contracts associated with the evolution
operations rather than the update of the actual system code. Below we briefly introduce contracts
and show how the de-coupling of constraints can be achieved.

Contracts provide a declarative description of the behavior of a template (or primitive) as well as
a mechanism for expressing the constraints that must be satisfied prior to the execution of the actual
evolution primitive. Contracts are divided into two categories preconditions and postconditions.

The constraints, termed preconditions, are placed prior to any body of template code (OQL

11



statement including system-defined schema evolution primitive). The preconditions are separated
from the actual OQL statements by means of the keyword requires. Postconditions, a set of contracts
that appear after the body of the actual schema evolution operation at the end of the SERF template,
specify the behavior of the primitives. These postconditions are preceded by the keyword ensures
and describe the exact changes that are made to the schema by the evolution operator and hence its

behavior.

Example: As an example consider the addition of relationship constructs to the object model of an
OODB system. An upgrade to the schema evolution facility in this case requires new schema evolution
primitives to handle the creation, modification, and deletion of uni-directional and/or bi-directional
relationships. This upgrade cannot be circumvented and hence new schema evolution primitives must
be added to the system. However, an update of all existing schema evolution operations to conform
to the new set of invariants is also required. For example, to delete a class prior to the existence of
relationships, the constraint that a class needed to be a leaf class was necessary to ensure that the
resulting schema and database was consistent, i.e., delete-class preserved the database consistency.
With the addition of relationships, this constraint alone is not sufficient. We now also need to ensure
that the to-be-deleted C, class is not referred to by another class. Moreover, no objects in the
database must refer to the objects of the Cs class. So while the conditions that need to be enforced
prior to the execution the schema evolution operation have to be upgraded, the actual actions of the
operations do not change. Hence the evolution primitive delete-class itself does not change.
Figure 8 shows the constraints after the addition of a relationship for the delete-class primitive as
preconditions®. Thus, in this model it is easy to extend or modify the constraints without re-writing
the code for the evolution primitive. Figure 9 shows the constraints that must be satisfied after the

execution of the template code.

delete-class ( Cs ) delete-class ( C; )
{ . { template body here
requires:
CseCA ensures:
o(Cs) € types(C) A Cs ¢ CA
sub(Cs) =0 A o(Cs) ¢ types(C) A

én—degree(cs) :CO A V <Cq, rz> € out-paths(Cy)
0; € (?)Ftent( s) (<Cs> ¢ in-paths(C,)) A
obj-in-degree(o;) = 0 v C, € super(Cy)

Cs b(C.,
template body here ) (Cs & sub(Cy) )

}

Figure 8: Preconditions for Delete-Class
Primitive in Contractual Form

Figure 9: Postconditions for the Delete-Class
Primitive Template

3The notation used here is a set-theoretic version of the contract language.

12



7 Putting Contracts to Use

ROVER Wrappers provide faster system upgrade to the OODB system when the underlying object
model is updated for example with relationships. Namely, we would simply now add additional
declarative constraints and behavior to existing schema evolution primitive templates rather than
having to update the system code. With the contracts in place, we can deploy different approaches
to verify the correct execution of a ROVER Wrapper. Perhaps, the most straight forward approach
is that of checking the preconditions prior and postconditions after the execution of the ROVER
Wrapper. If the preconditions are initially satisfied and the postconditions are met after the execution
of the template, the ROVER Wrapper is said to be correct. As an example, consider the inline
example given in Figure 10. The inline template inlines all the attributes (and hence all of the
data) of the class referred to by the reference attribute refClass into the class className. Once all
attributes and data have been moved over to className, the refClass is deleted. Now consider the
scenario that the reference attribute is a self-referencing attribute®. In such a case after the execution
of the delete-class primitive, the class refClass = className is deleted which is clearly not the
desired result as indicated by the postconditions that require that className must still exist on
completion of ROVER Wrapper execution. All changes made by the inline template must be rolled
back in such a scenario.

Thus while this approach verifies the correctness of the ROVER Wrapper, its fall-back for a
erroneous change is a transaction roll-back which in this case would be a rather expensive operation
and hence not very desirable. An alternative to this is to use theorem proving to verify the correctness
of the ROVER Wrappers prior to their execution. A theorem prover based on facts postulates the
different states of the system for every statement that is executed. Consider that the system is
in state Sy of the system in which all preconditions given in Figure 11 for the inline wrapper are
met. The theorem prover can now calculate the new state S; which results from the addition of an
attribute. Let state S, represent the state of the system after all attributes have been added. In
state S,,, a delete-class primitive would take the system to its final state Sy. If the state Sy does
not meet the desired postconditions as stated in the wrapper, then the wrapper is not allowed to
execute. In the following sections, we detail the basic requirements for a theorem prover and show
via an example (inline template) how the postconditions of the wrapper can be checked prior to

execution.

4Inline assumes only one level of inlining, so recursion is not an issue here.
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begin template inline ((cjqss: className, Attrioute: refAtiName)

{

begin template inline ( Cs, 75 )

{

refClass = element ( .
select a.attrType requires:
from MetaAttribute a
h .attrN = fAttrN
where a.a r amel $re rName CS E C /\
and a.classDefinedIn = $className; )
o(Cs) € types(C) A
define localAttrs(cName) as
select c.localAttrList s € N(CS) N

from MetaClass c

where c.metaClassName = cName;

// get all attributes in refAttrName and add to className

for all attrs in localAttrs(refClass)
add_atomic_attribute ($className,
attrs.attrType,

attrs.attrName,
attrs.attrvalue);

domain(rs) € C A
Cs # domain(rs);

Body of inline template

// get all the extent ensures:
define extents (cName) as

select c CS € C /\

£ N ;

rom cName c o(Cy) € types(C) A
// set: className.Attr = className.refAttrName.Attr Tg g N(Cs) A\

for all obj in extents($className) :
for all Attr in localAttrs(refClass)
obj.set (obj.Attr, valueOf (obj.refAttrName.Attr));

domain(rs) € C A

V a,; € N(domain(rs))
delete_attribute ($className, S$refAttrName) ; (az S Cs),
: }

end template

Figure 11: Inline ROVER Wrapper with
Set-Theoretic Contracts

Figure 10: The Inline Template.

7.1 Theorem Prover for SERF Templates

Verification of any program relies on the knowledge that given a start state, the program code will
take the system to a desired final state. Thus, before verification can be applied, it becomes essential
to describe these states, the start and the final states. In this section, we now first define these
states and then walk-through an example to show how the technique can be used to verify a ROVER
Wrapper.

Theorem proving approaches verification by formalizing (1) a model of computation, (2) the spec-
ification and (3) the rules of inference [8]. The axioms and other knowledge about the environment
comprise the model of computation, the pre- and post-conditions are the specification, i.e., the initial
state of the system as well as the final targeted state that must be reached. The rules of inference
are the functions that help reason about the validity of the path from the initial to the final states
of the system. Table 5 shows what these components correspond to in the context of SERF. In the
following subsections, we sketch out these three components for our problem domain to show the

viability of theorem provers for SERF templates.
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‘ Theorem Prover Component ‘ SERF Components

Model of Computation Object Model, Invariants, System Functions
Specification ROVER Wrappers (Pre-Post Conditions)
Rules of Inference Schema Evolution Primitives

Table 5: Theorem Prover Components for the SERF Environment.

7.1.1 Model of Computation for ROVER Wrappers

The model of computation formally describes the environment in which the theorem prover is being
applied. The SERF framework is based on the ODMG object model (Section 2) [13]. Hence, the
theorem prover must be provided with a formal definition of the ODMG object model, its invariants
and the functionality of each of the system dictionary functions as described in Table 1. This model
of computation is part of the setup of the theorem prover system and thus would be created once
a-priori for the SERF system. It would only need to be modified if and when there is a change in
the environment itself, for example if the object model changes. While different theorem provers use
different languages [24, 38], for the purpose of this paper, we assume the language of the theorem

prover to be set-theoretic.

The Object Model. Table 6 gives a brief description of the components of the object model. In

general, a schema that ties all this together is as defined below.

‘ Term Description

C The set of all class names in the system

types(C) | The set of all types in the system

o Mapping from C to types(C)

=< The sub-typing relationship on types(C)

R The set of all relationships in the system

obj The set of all objects in the system

@) An object that is a pair (o,v) where o = OID and v = value
o Mapping from R to an ordered pair of types in types(C)

M The set of all method signatures in the system

Table 6: Components of the Object Model

Definition 1 A schema is a tuple S = (C, o, <, M, G, R, o) where
e G is a set of class names disjoint from C,
e o is a mapping from C U G to types (C),

e (C, 0, <) is a well-formed class hierarchy,
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e M is a well-formed set of method signatures for (C, o, <),
e R is a finite set of relation names, and

e « is a mapping from R to an ordered pair of types.

A more thorough treatment of the formal description of the object model can be found in [1].

System Functions. Table 1 describes some helper functions which are a part of the system defi-
nition. For the theorem prover, the behavior of each of these functions must be precisely defined in

a set language.

Invariants of the Object Model.

1. Rootedness. There is a single type ¢ in 7 that is the super-type of all types in 7. The type
t is called the root of the type lattice.

2. Closure. Every type in 7, excluding root, has a super-type in 7, giving closure to 7.

3. Pointedness. There are one or more types | in 7 such that | has no subtypes in 7. 1 is

termed a leaf of the type lattice.

4. Distinction. Every type ¢t in 7 has a distinct name. Every property p for a type t has a
distinct name. The scope of name distinction for a property is the union of the inherited (H(t))

and native properties (N(t)) for a type.

5. Singularity. Every type ¢t in 7 has at most one direct super-type t, in 7, i.e., | P(t) | = 1.

7.1.2 Specification of ROVER Wrappers

A theorem prover requires the specification of the initial state of the system as well as the final state
that needs to be verified. The contracts, i.e., the pre- and post- conditions as defined in Section 6,
fulfill these requirements by providing an initial state (the pre-conditions) that must be valid and an
expected final state (the post-conditions) that must be met. However, the theorem prover expects
its inputs to be expressed in a formal language. Hence these contracts need to be converted to the

language of the theorem prover, i.e., in our case to a set-theoretic language.

7.1.3 Rules of Inference

The rules of inference are operations that move the system from one given state to another state,

i.e., code segments that take the system from an initial specification to a final specification. The
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body of a ROVER Wrapper, i.e., the actual schema evolution functions and OQL code, are hence
the rules of inference in our system.

For example, Figure 10 depicts a SERF template that inlines the class refClass referred to
by the reference attribute refAttrName in class className into the class className. Each step
(statement, OQL, or schema evolution function) of the inline template as shown in Figure 10 is a
rule of inference. Each of these rules is applied one at a time to a given state of the system.

In addition to the primitive evolution programs, we also consider the for all OQL statement.
This is translated to a repetitive application of the loop body that results in a cumulative effect
on the state of the system. For example, for all x in attributeSet: add-attribute(C, x,
default) results in the application of the add-attribute primitive count (attributelList) times,
where count gives the number of elements in a set. The final state of the system will be the cumulative

result of applying all add-attribute primitives.

7.2 Formal Verification Process: Application to Inline Template

In this section, we illustrate the working of the theorem prover by a step by step verification of a
template (namely the inline template from Figure 11), thereby showing how theorem provers can
be applied to our domain for verification of schema evolution transformations. This is an automated
process that assumes the computation model (Section 7.1.1) and the rules of inference (Section 7.1.3)
have already been provided as part of the tool. The user only needs to input the specification
contracts and the template code in OQL.

Consider the ROVER Wrapper shown in Figure 11. The class Cs; and the reference attribute ry
must exist otherwise it is meaningless to proceed with the verification. Given this initial state S,
we proceed to apply the first evolution change in the template, add-attribute (statement 1). This
results in a new state S;. As part of our work, we wrap each individual change primitive program
using a ROVER Wrapper with their specific contracts. Henceforth we consider the ROVER Wrapper
for each evolution primitive program. Thus, in this example the initial state of the system must meet
the precondition for add-attribute. The post-conditions specified by add-attribute represent the
final state S1 and are indicative of the behavior of the add-attribute primitive. Figure 12 lists the
ROVER Wrapper for add-attribute. Figure 8 and 9 list the ROVER Wrapper precondition and
postcondition for the delete-class primitive which are used in the example here.

A subsequent evolution change, add-attribute, uses this state S; as its initial state against
which its precondition must match. Tables 2 and 3 contain the schema evolution operations that
we consider as rules of inference in our system. The theorem prover proves the correctness of the
inline transformation shown in Figure 10 by first proving three theorems where each theorem is

similar to the add-attribute and then composes them together to prove the correctness of the
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add-attribute ( Cs, ag, t, default) {

{ . ensures:
requires: a; € N(Cs) A
C.eC A Vy € sub*(Cs)
o(C,) € types(C) A 0z € H(y)
as ¢ N(C,) }

add-attribute-primitive ( Cs, a,, t, default) Figure 12: Add-Attribute Primitive Tem-
} plate with Contracts

inline transformation itself (the fourth theorem). Each of the theorems specifies the properties of

one of the evolution programs in the inline transformation.

Schema Evolution Primitive: add-attribute. The precondition from the contract specification

in Figure 11 that must hold for add-attribute(C,, a,, type, default) is given in Equation 1°:

C; € C A
o(Cs) € types(C) A (1)
a; ¢ N(Cs)

The desired postconditions expected after applying add-attribute are:

C; € C A
o(Cs) € types(C) A
a; € N(Cy) A 2)
Vy € sub™(Cy)
a; € Hly)

Theorem 1 If the add-attribute program is applied to arguments satisfying the precondition given

i Equation 1, then the program results satisfy the postcondition given in Equation 2.

Proof: Assume that the precondition in Equation 1 holds and add-attribute adds the attribute

a, to the class Cs, i.e.:

N(Cs):aa: U N(Cs)} (3)

The primitive add-attribute also adds a, to all the subclasses sub* (Cs) of Cs (refer Table 2). Hence

we have:

Vy € sub*(Cy)
Hy)—a, U Hy) } @

5These are repeated from Figure 11 for convenience.
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Here Equations 3 and 4 show the altered states of the system after the execution of each add-attribute
function. From Equations 3 and 4, we have the desired postcondition as specified in Equation 2. O
In Figure 10, the for-all loop copies all the attributes of the class Cref(;lassfj. At the end of
the for-all loop, with repetitive application of add-attribute, the desired state is given by the

postcondition in Equation 5.

s, € C A
o(Cs) € types(C) A
vak € N(CrefClass) (5)
(x € N(Cy)) A
Yy € sub*(Cy)
(e € H(y)) )

Theorem 2 If the add-attribute function is correct as per Theorem 1, then repetitive execution
of add-attribute for all a; € Creofciass results in a cumulative effect such that postcondition given

in Equation 5 are satisfied.

Proof: (Proof By Induction)
Base Case: Assume that the class Cyqrciass has only one attribute a. This reduces the for all
statement to a simple add-attribute(Cs, a, a.attrType, a.defaultValue). We know by Theo-
rem 1 that if the pre-condition given in Equation 1 holds for these arguments, then the postcondition
as given in Equation 2 will also hold, i.e., for one attribute (n = 1), postcondition in Equation 5
reduce to postcondition in Equation 2.
Induction Hypothesis: Assume that the theorem holds true when class Cierciass has k at-
tributes and they are added to class Cj, i.e., the postcondition given in Equation 5 is satisfied
for k add-attribute applications.
Induction: Prove that the post-condition in Equation 5 holds when the class Cyefciass has k+1
attributes.

We know that the postcondition (5) holds when class C,. fClass has k attributes and they are added
to the class Cs;. Assume we now have attribute a1, the k+ 1" attribute, that is unique, i.e., a 41
# aj, for 1 < j < k. To add this to class (s we do: add-attribute(Cs, apy1, ap41-attrType,
ap+1.defaultValue). We know by Theorem 1 that if this satisfies the precondition given in Equa-
tion 1, then the postcondition in Equation 2 holds true (Base Case). Combining the postcondition
for the addition of k attributes (Induction Hypothesis) with the postcondition of the Base Case, we

get the postcondition as given in Equation 5. O

6 Crefciass is the class that is being referred to by the reference attribute 7, in class Cs.
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Schema Evolution Primitive delete-attribute. First we give the initial state of the system,

i.e., the precondition in Equation 6 that must be satisfied for the primitive delete-attribute(Cs,

az):
Cs € C A
o(Cs) € types(C) A (6)
a; € N(Cy)

After the execution of delete-attribute, the final state of the system is as given in the postcondition

in Equation 7.

a; ¢ N(Cy) A
(Vy € sub*(Cs) (7)

az ¢ H(y))

Theorem 3 Ifdelete-attribute is applied to arguments satisfying precondition (6), then the result
satisfies the postcondition (7).

Proof: Similar to Theorem 1.

Schema Evolution Primitive delete-class. The necessary precondition that must hold for

delete-class(C,qtciass) is given in Equation &:

CrefC’la.s:s € C A

0(Crefciass) € types(C) A
SUb( T‘EfC'lass) = 0 A (8)
in- degree( refC’lass) = 0 A
)

(Vo; € extent(Crefciass) : (0bj-in-degree(o;

0))

The desired postcondition (9) after the application of delete-class is as given in Equation 9.

V< Cpre > € out-paths(Crefciass)
(< Crefcilass > ¢ in-paths(Cy)) A
vca: € Super(crefClass) (9)
(CrefClass ¢ SUb(Cw)) A
CrefClass §é C A
U(OrefClass) ¢ typeS(C) )

Theorem 4 Ifdelete-class is applied to arguments satisfying the precondition in Equation 8, then

the result satisfies the postcondition in FEquation 9.

Proof: Similar to Theorem 1.
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The Inline Transformation. To verify the correctness of the inline transformation, we chain the
results of Theorems 1, 2, 3 and 4. The overall precondition for this is given by Equation 107. The

execution of the inline transformation must result in the final state as specified by Equation 118.

Cs € C A

az; € N(C5) A
CrefClass = domain(ag) A (10)
CrefC’lass C A

S
Cs 7é CTefClass

Cs € C A )
CrefClass ¢ C VAN
vak € NCrefClass)
(e € N(Cs)) A (11)
Vy € sub*(Cs)
(ar, € H(y) A
a ¢ N(C)

Theorem 5 If Theorems 1, 2, 3, and 4 are satisfied in the order specified, then the inline transfor-

mation satisfies the postcondition given in FEquation 11.

Proof: The proof for this can be given by a combination of the postcondition in Equations 5, 7 and
9. O

Using theorem proving techniques as shown for the template here it is possible to verify the
correctness of any given template. If at any point one of the sub-theorems is not satisfied, i.e., if
Theorems 1, 2, 3, or 4 are not satisfied, the verification process is aborted and the template is not
permitted to be executed. However, all of this occurs prior to any execution of the ROVER Wrapper.
Hence, any failure of the verification process results in no execution of the ROVER Wrapper. While
the verification process may incur additional overhead of checking, we believe it can be shown that
under erroneous conditions the verification process can save hours when compared to a roll-back

strategy.

8 Related Work

Relationships. Semantic modeling research has looked into the modeling of relationships and the
different semantics that can be applied for these relationships [9]. In object databases, Kim, Bertino

and others [26] have examined the part-whole relationship (composite objects). Bertino et al. [7]

"This is the precondition for the inline wrapper in Figure 11.
8This is the postcondition for the inline wrapper given in Figure 11.
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have presented a formal composite object model that now supports referential integrity constraints
for the ODMG object model. None of them have studied the issue of schema evolution on such

object models with relationships.

Schema Evolution. Schema evolution is a problem that is faced by long-lived data. The goal of
schema evolution research is to allow schema evolution mechanisms to change not only the schema,
but also the underlying objects to have them conform to the modified schema. Many researchers have
looked at the problem of schema evolution and at providing basic primitives to handle these schema
manipulations [4, 46, 37, 45]. Most commercial systems today such as Itasca [25], GemStone [11],
ObjectStore [35], and O9 [48] provide similar evolution support for their underlying object model.

In recent years, the advent of more advanced applications has led to the need for support of
complex schema evolution operations. [44, 23, 10, 29, 14] have investigated the issue of more complex
operations. Much of the initial work [44, 23] focused on converting and re-structuring data from flat
files to a database which often required complex conversions. More recently, [30] has introduced
compound type changes in a software environment, i.e., focusing only on the type changes and not
the changes to the object instances associated with the modified type. The proposed compound
type changes included Inline, Encapsulate, Merge, Move, Duplicate, Reverse Link and Link Addition.
Breche [10] proposed a similar list of complex evolution operations for O, i.e., which considered
schema as well as object changes. [10] shows that these advanced primitives can be formulated by
composing the basic primitives that are provided by the Os system, and has shown the consistency of
these advanced primitives. Lastly, while our previous work on SERF [17] has provided a framework
that allows the user to define arbitrarily complex schema changes by composing them out of the
basic set of evolution primitives and OQL, ROVER addresses the problem of evolution (be it simple
or complex) in the context of object models with relationships. We extend previous work in two
ways - we now provide evolution of relationships in the object model and we now also provide the
users with a framework that allows extensibility to schema evolution in general.

Peters and Ozsu [40] have introduced an axiomatic model that can be used to formalize and
compare schema evolution modules of OODBs. They develop a formal basis for schema evolution
research, and we use their notation and model to represent the concepts in this paper.

Another important issue in evolution is to provide support for existing applications that depend
on the old schema, when other applications change the shared schema according to their own require-
ments. Method to address problem include, views [43, 41, 6, 5] and versions [46, 28, 33]. However,
such work has focused on simple schema evolution operations only, and hence may need to be re-
examined in order to handle the complex notion of transformations as introduced by our templates.

We do not address this issue in this work.
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Consistency Management. Consistency management is often done at runtime and is normally
handled by transaction roll-backs. Work has been done towards providing behavioral consistency, i.e.,
the consistency of class methods under evolving environments [19, 34]. While there are similarities in
that their algorithms are also detecting broken references, their approach is also hard-coded. With
our approach we push these constraints/invariants to a higher level thus making them easy to update
and also allowing for pre-execution verification checks.

Other approaches for consistency management in ODBs utilize programming language support
[49, 2] such as assertions and exception handling mechanisms in languages like C++, Java and Ada.
Relational database systems (RDBMS) offer some additional support in the form of ¢riggers but
provide only roll-back semantics, i.e., if a constraint is not satisfied at the end of a transaction, then
the entire transaction is rolled back [20]. Active database systems [12, 31, 3] provide event-condition-
action (ECA) rules as a mechanism for detecting the occurrence of some event and responding to it
by some action.

Research has also been done in consistency management for software process languages. Tarr
et al. [47] have developed a consistency management system which allows for the specification of
consistency conditions and the degree of inconsistency tolerable by the user. Much of the work
in literature concentrates on detecting consistency violations and on the specification of consistency
constraints. We now try to utilize theorem provers as a preventive measure to ensure that consistency

violations do not occur.

9 Conclusion

In this work, we present the first solution for the evolution of relationships. We provide a flex-
ible mechanism to handle the evolution of relationships. We incorporate the notion of contracts
for ROVER Wrappers as an alternative to hard-coding the constraints into the schema evolution
primitive and thus helping to offset the re-engineering cost. We provide implementation details on
ROVER in [18]. The core SERF system for flexible transformation was demonstrated at SIGMOD
2000 [42]. Our approach as we describe in this work is focused on allowing consistent, yet flexible
mechanism for schema evolution of relationships. However, our approach, and hence the consistency
checking mechanism is tied to the ODMG model. As part of the future work, we are now looking
at developing a meta-model, graph based approach which can further generalize these concepts and
make them model-independent [15]. Also, more detailed investigation of the theorem prover ap-
proach is required to see if it is really a viable and a general approach for various types of constraint

checks that may be required.
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