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Abstract

WOL is a Horn-clause language for specifying transformations involving complex types and recursive
data-structures. Its declarative syntax makes programs easy to modify in response to schema evolution;
the ability to specify partial clauses facilitates transformations when schemas are very large and data is
drawn from multiple sources; and the inclusion of constraints enables a number of optimizations when
completing and implementing transformations.

1 Introduction

Database transformations arise in a number of applications, such as reimplementing legacy systems, adapting
databases to reflect schema evolution, integrating heterogeneous databases, and mapping between interfaces and
the underlying database. In all such applications, the problem is one of mapping instances of one or more source
database schemas to an instance of some target schema.

The problem is particularly acute within biomedical databases, where schema evolution is pushed by rapid
changes in experimental techniques, and new, domain specific, highly inter-related databases are arising at an
alarming rate. A listing of the current major biomedical databases indicates that very few of these databases use
commercial database management systems (see http://www.infobiogen.fr/services/dbcat/). One
reason for this is that the data is complex and not easy to represent in a relational model; the typical structures
used within these systems include sets, deeply nested record structures, and variants. A transformation language
for this environment must therefore be easy to modify as the underlying source database schemas evolve, and
capture the complex types used. Mappings expressed in the language must also explicitly resolve incompatibil-
ities between the sources and target at all levels – in the choice of data-model and DBMS, the representation of
data within a model, and the values of instances.
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As an example of a transformation, suppose we wish to integrate a database of US Cities-and-States with
another database of European-Cities-and-Countries. Their schemas are shown in Figures 1 (a) and (b) respec-
tively, and use graphical notation inspired by [AH87]. Boxes represent classes which are finite sets of objects,
and arrows represent attributes, or functions on classes.
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Figure 1: Schemas for US Cities and States (a) and European Cities and Countries (b)

The first schema has two classes: City
A
and StateA. The CityA class has two attributes: name, representing

the name of a city, and state, which points to the state to which a city belongs. The StateA class also has two at-
tributes, representing its name and its capital city. The second schema also has two classes, City

E
and Country

E
.

The CityE class has attributes representing its name and its country, but in addition has a Boolean-valued attribute
is capital which represents whether or not it is the capital city of a country. The CountryE class has attributes
representing its name, currency and the language spoken.

A schema representing one possible integration of these two databases is shown in Figure 2, where the “plus”
node indicates a variant. Note that the City classes from both source databases are mapped to a single class City

T

in the target database. The state and country attributes of the City classes are mapped to a single attribute place
which takes a value that is either a State or a Country. A more difficult mapping is between the representations
of capital cities of European countries. Instead of representing whether a city is a capital or not by means of
a Boolean attribute, the Country class in our target database has an attribute capital which points to the capital
city of a country. To resolve this difference in representation a straightforward embedding of data will not be
sufficient. Constraints on the source database, ensuring that each Country has exactly one City for which the
is capital attribute is true, are also necessary in order for the transformation to be well defined.
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Figure 2: An integrated schema of European and US Cities

To specify exactly how this and other transformations involving complex types and recursive structures is to
be performed, we have developed a language called WOL (Well-founded Object Logic). A number of consider-
ations have gone into the design of this language. First, a data transformation language differs from a database
query language in that entire database instances are potentially being manipulated and created. This implies a
careful balance between expressivity and efficiency. Although the transformation language should be sufficiently
expressive to specify all ways in which data might relate between one or more source databases and a target
database, an implementation of a transformation should be performed in one pass over the source databases. This
curtails the inclusion of expensive operations such as transitive closure.
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Second, the size, number and complexity of schemas that may be involved in a transformation leads to a need
for partiality of rules or statements of a transformation language, and for the ability to reason with constraints.
Schemas – especially in biomedical applications, which formed the initial impetus for this work – can be complex,
involving many, deeply nested attributes. Values for attributes of an object in a target database may be drawn from
many different source database instances. In order to prevent the complexity of transforation rules becoming
unmanageable, it is therefore necessary to be able to specify the transformation in a step-wise manner in which
individual rules do not completely describe a target object.

Third, constraints can play a part in determining and optimizing transformations; conversely, transformations
can imply constraints on their source and target databases. Many of the constraints that arise in transformations
fall outside of those supported by most data-models (keys, functional and inclusion dependencies and so on) and
may involve multiple databases. It is therefore important that a transformation language be capable of expressing
and interacting with a large class of constraints.

In the remainder of this paper, we describe the database transformation language WOL and how transforma-
tion programs are implemented in a prototype system called Morphase� .

2 Data Model

The data model underlying WOL supports object-identities, classes and complex data-structures. Formally, we
assume a finite set C of classes ranged over byC�C �� � � �, and for each class C a countable set of object identities
of class C . The types over C, ranged over by �� � � �, are given by the syntax

� ��� C j b j �a � �� � � � � a � �� j hja � �� � � � � a � � ji j f�g

Here b are the built in base types, such as integer or string. Class typesC , whereC � C, represent object-identities
of class C . f �g are set types. �a� � ��� � � � � ak � �k� constructs record types from the types ��� � � � � �n, whereas
hja� � ��� � � � � ak � �kji builds variant types from the types ��� � � � � �n. A value of a record type �a� � ��� � � � � ak �

�k� is a tuple with k fields labeled by a�� � � � � ak, such that the value of the ith field, labeled by ai, is of type �i.
A value of a variant type hja� � ��� � � � � ak � �kji is a pair consisting of a label ai, where � � i � k, and a value
of type �i.

A database schema can be characterized by its classes and their associated types. For example, the US Cities
and States schema has two classes representing cities and states. Each city has a name and a state, and each
state has a name and a capital city. The set of classes for the schema is therefore CA � fCity

A�StateAg and the
associated types are

�CityA � �name � str� state � StateA�� �StateA � �name � str� capital � City
A�

The European Cities and Countries schema has classes CE � fCityE�CountryEg and associated types

�CityE � �name � str� is capital � Bool� country � Country
E
�

�CountryE � �name � str� language � str� currency � str�

3 TheWOL Language

WOL is a Horn-clause language designed to deal with the complex recursive types definable in the model. The
specification of a transformation written in WOL consists of a finite set of clauses, which are logical statements
describing either constraints on the databases being transformed, or part of the relationship between objects in

�Morphase has no relation to the god of slumber, Morpheus, rather it is an enzyme (-ase) for morphing data.
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the source databases and objects in the target database. Each clause has the form head �� body where head
and body are both finite sets of atomic formulae or atoms.

The meaning of a clause is that, if all the atoms in the body are true, then the atoms in the head are also true.
More precisely, a clause is satisfied iff, for any instantiation of the variables in the body of the clause which makes
all the body atoms true, there is an instantiation of any additional variables in the head of the clause which makes
all the head atoms true.

For example, to express the constraint that the capital city of a state must be in that state one would write

X�state � Y �� Y � StateA�X � Y�capital� �C��

This clause says that for any object Y occurring in the class StateA, ifX is the capital city of Y then Y is the state
of X . Here the body atoms are Y � StateA and X � Y�capital, and the head atom is X�state � Y . Each atom
is a basic logical statement, for example saying that two expressions are equal or one expression occurs within
another.

Constraints can also be used to define keys. In our database of Cities, States and Countries, we would like to
say that a Country is uniquely determined by its name, while a City can be uniquely identified by its name and
its country. This can be expressed by the clauses

X � MkCityT �name � N� country � C��� X � CityT � N � X�name� C � X�country� �C��

Y �MkCountryT �N��� Y � Country
T
� N � Y�name� �C��

MkCityE andMkCountryE are examples of Skolem functions, which create new object identities associated uniquely
with their arguments. In this case, the name of a City and the country object identity are used to create an object
identity for the City.

In addition to expressing constraints about individual databases, WOL clauses can be used to express trans-
formation clauses which state how an object or part of an object in the target database arises from various objects
in the source and target databases. Consider the following clause

X � Country
T
� X�name � E�name� �T��

X�language � E�language� X�currency � E�currency �� E � Country
E
�

This states that for every Country in our European Cities and Countries database there is a corresponding Country
in our target international database with the same name, language and currency.

A similar clause can be used to describe the relationship between European City and City in our target database:

Y � City
T
� Y�name � E�name� Y�place � inseuro-city�X��� E � City

E
� X � Country

T
� �T��

X�name � E�country�name�

Note that the body of this clause refers to objects both in the source and the target databases: it says that if there
is a City, E, in the European Cities database and a Country, X , in the target database with the same name as the
name of the country ofE, then there is a City, Y , in the target database with the same name asE and with country
X . (inseuro-city accesses the euro city choice of the variant).

A final clause is needed to show how to instantiate the capital attribute of City in our target database:

X�capital � Y �� X � Country
T
� Y � City

T
� Y�place � inseuro-city�X�� E � City

E
� �T��

E�name � Y�name� E�state�name � X�name� E�is capital � True�

Notice that the definition of Country in our target database is spread over multiple WOL clauses: clause (T1) de-
scribes a country’s name, language and currency attributes, while clause (T3) describes its capital attribute. This
is an important feature of WOL, and one of the main ways it differs from other Horn-clause logic based query
languages such as Datalog or ILOG[HY90] which require each clause to completely specify a target value. It is
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possible to combine clauses (T1), (T3) and (C3) in a single clause which completely describes how a Country
object in the target database arises. However, when many attributes or complex data structures are involved, or
a target object is derived from several source objects, such clauses become very complex and difficult to under-
stand. Further if variants or optional attributes are involved, the number of clauses required may be exponential
in the number of variants involved. Consequently, while conventional logic-based languages might be adequate
for expressing queries resulting in simple data structures, in order to write transformations involving complex
data structures with many attributes, particularly those involving variants or optional attributes, it is necessary
to be able to split up the specification of the transformation into small parts involving partial information about
data structures.

4 ImplementingWOL Programs

Implementing a transformation directly using clauses such as (T1), (T2) and (T3) would be inefficient: to infer
the structure of a single object we would have to apply multiple clauses. For example clauses (T1), (T3) and (C3)
would be needed to generate a single Country object. Further, since some of the transformation clauses, such as
(T1) and (T3), involve target classes and objects in their bodies, we would have to apply the clauses recursively:
having inserted a new object into Country

T
we would have to test whether clause (T2) could be applied to that

Country in order to introduce a new City
T
object.

Since WOL programs are intended to transform entire databases and may be applied many times, we trade
off compile-time expense for run-time efficiency. Our implementation therefore finds, at compile time, an equiv-
alent, more efficient transformation program in which all clauses are in normal form. A transformation clause
in normal form completely defines an insert into the target database in terms of the source database only. That
is, a normal form clause will contain no target classes in its body, and will completely and unambiguously de-
termine some object of the target database in its head. A transformation program in which all the transforma-
tion clauses are in normal form can easily be implemented in a single pass using some suitable database pro-
gramming language. In our prototype implementation Morphase, the Collection Programming Language (CPL)
[BDH+95, Won94] is used to perform the transformations.

Unfortunately, not all complete transformation programs have equivalent normal form transformation pro-
grams. Further it is not decidable whether a transformation program is complete, that is whether it completely
describes how to derive all objects in the target database from the source databases, or whether such an equiva-
lent normal form transformation program exists. Consequently Morphase imposes certain syntactic restrictions
on transformation programs to ensure that they are non-recursive, which are easy to verify computationally and
are satisfied by most natural transformations.

Within Morphase, constraints play an important role in completing as well as implementing transformations.
Constraints on the target database can be used to complete transformations. As an example, Morphase will com-
bine clauses (T1) and (T3) with the key constraint on Country

T
(C3) to generate a single clause which completely

specifies how objects of class Country
T
are generated from objects in the US Cities and States database.

In a similar way, constraints on the source databases can play an important part in optimizing a transformation.
As an example, suppose the following rule was generated as a result of combining several incomplete clauses:

X �MkCountryT �N�� X�language � L� X�currency � C ��

Y � Country
E
� Y�name � N� Y�language � L� Z � Country

E
� Z�name � N� Z�currency � C

Implementing the clause as written would mean taking the product of the source class Country
E
with itself, and

trying to bind Y and Z to pairs of objects in Country
E
which have the same value on their name attribute. How-

ever if we had a constraint on the source database that specified name as a key for Country
E
the clause could be
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simplified to the following, more efficient, form

X � MkCountryT �N�� X�language � L�X�currency � C �� Y � Country
E
� Y�name � N�

Y�language � L� Y�currency � C

5 Conclusions

Data transformation and integration in the context of biomedical databases has been a focus of research at Penn
over the past six years. Two languages and systems have resulted: CPL and WOL. CPL has primarily been used
for querying multiple heterogeneous databases, and has proven extremely effective; it is also used to implement
language ofWOL transformations. While CPL– or OQL, or any other database query language with a sufficiently
rich data model – could be used for specifying transformations, they lack several useful features that are present in
WOL. The first is a declarative syntax, which can be easily modified in response to schema evolution. The second
is the ability to specify partial clauses, which we have found extremely useful when many variants are involved
(as is the case with ACeDB [TMD92]). The third is the ability to capture and reason about database constraints.
Reasoning about constraints is critical when partial clauses are used, since target constraints are used to normalize
transformation programs. Complete details on WOL and Morphase can be found in [KDB95, Kos96, DK97].

The WOL language has also been used independently by researchers in the VODAK project at Darmstadt,
Germany, in order to build a data-warehouse of protein and protein-ligand data for use in drug design. This project
involved transforming data from a variety of public molecular biology databases, including SWISSPROT and
PDB, and storing it in an object-oriented database, ReLiBase. WOL was used to specify structural transforma-
tions of data, and to guide the implementations of these transformations.
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