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Chapter 1

Introduction

Cooperation between information systems has become a vital issue for both com-
mercial and non-commercial organisations. In the last two decades, a lot of in-
formation systems have been developed, ranging from information systems for
. student administration and banking applications to information systems for office
automation, computer-aided design and manufacturing, scientific visualisation,
and hypermedia applications. The purpose of these systems is to support the
processes in an organisation, which aim at achieving its goals.

Since the processes in an organisation change, due to changes in the environ-
ment or in the organisation (e.g., the goals can change), its information systems
have to change as well. An important change is that different processes have to
cooperate more and more, both within an organisation and between organisations.
As a consequence, it no longer suffices to have isolated information systems for
different organisational processes. Instead, systems have to cooperate in one way
or another.

For example, the introduction of a human resource management programme
can lead to a management information system that requires information from
the systems in the personnel department and the sales department. Similarly, the
merger of two banking corporations will result in an integrated transaction system
and the cooperation between the police forces of different countries will require
the exchange of information between the different police information systems.

1.1 Integration of database systems

Cooperation between information systems requires ‘integration’ of the database
subsystems that contain the user data, i.e., the user-defined functions, types, and
type instances. Integration of database systems can be achieved in several ways.
To illustrate this, a simple architecture for database systems is given in Figure 1.1.
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Figure 1.1

The schema (e.g.,, SCHEMA1) contains the types and functions of the database
system, and the database (e.g., DB1) contains the type instances. The database
management system (e.g., DBMS1) handles user requests to query and manipulate
the schema and the databases. Now, suppose we want to integrate the database
systems in Figure 1.1. The integration process depends on whether the database
management systems (DBMS1 and DBMS2) are equal or not. If they are, the
integration process is referred to as homogeneous database system integration,
otherwise it is referred to as heterogeneous database system integration.

We start with homogeneous database system integration. The integrated data-
base system can be characterised by its type: a single-database system (abbre-
viated as SDBS), managed by one database management system, or a multi-
database system (abbreviated as MDBS), managed by two or more database
management systems. An SDBS will be chosen if it is possible to centralise the
management of the data. The options for an SDBS are shown in Figure 1.2, where
DBMS is the common database management system.

.@

[ MAPl MAPZ[

ﬁ H
Figure 1.2

Figure 1.2(a) shows the tightly-integrated SDBS option, which is used if the local
databases do not have to remain unchanged. SCHEMA is obtained by integrat-
ing SCHEMA1 and SCHEMAZ2, and DB1* and DB2* are obtained by translating
DB1 and DB2 into instances of SCHEMA. Once the original databases have been
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translated, all queries and updates against the integrated schema can directly be
applied to the translated databases. Figure 1.2(b) shows the loosely-integrated
SDBS option, which is used if the local databases have to remain unchanged;
for example, because the cost of data conversion is too high. The local schemas
(SCHEMA1 and SCHEMAZ2) are integrated, but the databases (DB1 and DB2)
are left unchanged. Mappings (MAP1 and MAP2) are used to translate instances
of SCHEMA1 and SCHEMAZ? into instances of SCHEMA. Only queries and up-
dates against the integrated schema are allowed and will be translated into queries
and updates against the local schemas. Furthermore, the results of a query against
the local schemas have to be combined into one result for the integrated schema
using the mappings.

An MDBS will be chosen if it is not possible to centralise the management of
the data. The options for an integrated MDBS are shown in Figure 1.3.

(@ ()
Figure 1.3

Figure 1.3(a) shows the globally-autonomous MDBS option, which is used if
the local database systems do not have to remain autonomous; for instance, if
two banking corporations want an integrated transaction system. The globally-
autonomous MDBS option is the same as the loosely-integrated SDBS option,
except for the separate management of the two databases. Figure 1.3(b) shows
the locally-autonomous MDBS option (also called federated database system),
which is used if the local database systems have to remain autonomous; for ex-
ample, if the police forces of different countries want to exchange information
between the different police information systems. For this option, the adminis-
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trators of the database systems have to define export schemas (EXPORT1 and
EXPORT?2) representing the parts of the local schemas which are available to
other database systems. Filters (FILTER1 and FILTER2) are used to translate
instances of the local schemas into instances of the export schemas. The feder-
ated schema (SCHEMA) is obtained by integrating EXPORT1 and EXPORT?2.
Again, mappings are used to translate instances of EXPORT1 and EXPORT?2 into
instances of SCHEMA. Queries and updates against the local schemas are still
allowed, but queries against the federated schema are also allowed. Such a query
will be translated into queries against the export schemas and then into queries
against the local schemas. Furthermore, the results of the queries against the lo-
cal schemas have to be combined into one result for the integrated schema using
the mappings and the filters. For more details on federated database systems, see
(48] and [26].

Heterogeneous database system integration, where DBMS1 is not equal to
DBMS?2, is similar to the homogeneous case, except for an additional translation
step. To obtain an integrated SDBS, first a common DBMS is chosen and the
local schemas are translated into the data definition language of the common
DBMS and the databases are translated into instances of the translated schemas.
Second, one of the options for the homogeneous case (see Figure 1.2) is applied to
the translated database systems. To obtain an integrated MDBS, first a common
data definition language is chosen and the database systems are extended as in
Figure 1.4.

Figure 1.4

The component schemas (COMP1 and COMP2) are obtained by translating
the local schemas into the common data definition language. Transformations
(TRANSI and TRANS2) are used to translate instances of the local schemas into
instances of the component schemas. Second, one of the options for the homoge-
neous case (see Figure 1.3) is applied to the extended database systems.
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1.2 Schema integration

This thesis focuses on schema integration: defining the integrated schema with
respect to a number of component schemas and defining the mappings between
the component schemas and the integrated schema. Besides being important for
integration of existing database systems, schema integration is also important in
traditional database design, when several user views, i.e., schemas developed for
different user groups, have to be unified into a global schema. As argued in [8],
schema integration is a difficult task, because the integrated schema must satisfy
a number of properties:

1. Correctness. The integrated schema must contain all concepts present in
any component schema correctly.

2. Minimality. If the same concept is represented in more than one component
schema, it must be represented only once in the integrated schema.

3. Understandability. The integrated schema must be easy to understand for
the designer and the end user.

The second property requires that different representations of the same concept
can be identified. This is the basic problem of schema integration and the main
reason why schema integration is a non-trivial task.

In (8], a framework for comparing integration methods is given that identifies
four integration phases:

1. Preintegration. In the first phase, an integration policy is chosen and addi-
tional information, such as assertions between component schemas, is gath-
ered. An integration policy deals with choosing an order of integration (if
there are more than two schemas) and assigning preferences to portions of
schemas. Assertions are used to define correspondences between and con-
straints on attributes and object types in different schemas.

2. Comparison. Second, the component schemas are compared to determine
structural and semantic similarities between attributes and object types.
Furthermore, the schemas are analysed to detect naming conflicts, such
as the same name for different concepts, and structural conflicts, such as
different types for the same concept.

3. Conforming. In the conforming phase, the conflicts found in the comparison
phase have to be resolved to enable merging of the schemas. Conflicts
are resolved in close interaction with the designer by applying renaming
operations, type transformations, and other transformations.

4. Merging and restructuring. Finally, the schemas are merged using superim-
position and the resulting schema is analysed and restructured to achieve
minimality and understandability.
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A lot of integration methods have been proposed in the literature, but only some
of them cover the integration process completely. In the following two subsections,
we compare methods that cover at least one of the last three phases. First, we
focus on the preintegration and comparison phases, and second, we focus on the
conforming and restructuring phases.

1.2.1 Preintegration and comparison

We can distinguish between several types of integration methods based on the level
of support for detecting similarities. Some integration methods do not support
detection of similarities, but ask the designer to define correspondences between
attributes, entity types, and relationship types:

Biskup and Convent [9] and Casanova and Vidal [14] use dependencies to
define equality, containment, overlap, and disjointness of attributes.

Elmasri and Navathe [18, 42, 40] use assertions on equality, containment,
overlap, and disjointness of domains of classes.

Mannino, Navathe, and Effelsberg [36, 37] use assertions between attributes
and assertions between entity types.

Spaccapietra, Parent, and Dupont [54, 56, 55] use assertions between ele-
ments (attributes and object types), between attributes of corresponding
object types, and between paths that connect elements.

Gangopadhyay and Barsalou [21] use assertions in second-order logic to
describe discrepancies in data semantics and differences in data structures.

Other integration methods ask the designer to give semantic information on at-
tributes, entity types, and relationship types:

Siegel and Madnick [53] use semantic rules to interpret attributes in a se-
mantic domain.

Sheth, Gala, and Navathe [46, 47] and Yu, Sun, Dao, and Keirsey [65] define
correspondence between attributes and semantic points or concept vectors
to define the meaning of attributes.

Shoval and Zone [52] use assertions that define the meaning of entity types
and relationship types.

Semantic information on attributes, entity types, and relationship types can be
established for a lot of candidate schemas in advance, in a ‘general preintegration
phase’. In fact, a number of methods use such a general preintegration phase to
support detection of similarities:
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Urban and Wu [63] use mappings between the local and global data model
to define properties of local schemas.

Bright and Hurst [11] use a taxonomy of terms based on a dictionary or
thesaurus of the English language to define relatedness of terms.

Yu, Jia, Sun, and Dao [64] use a knowledge base containing concepts, rela-
tionships between concepts, and a list of keywords to map names to a set
of concepts.

Fankhauser, Kracker, and Neuhold [20] use a terminological database con-
taining probabilistic information on associations of terms and on specialisa-
tion of terms to derive relevance ratios of attributes w.r.t. classes.

Other methods use information present in the component schemas to relate at-
tributes, entity types, and relationship types:

Navathe and Gadgil [41] compare object types by their names, the names
of their key attributes, and the names of their non-key attributes.

Motro and Buneman [39, 38] compare classes by the names and the types
of their attributes, using a given equivalence relation on the set of primitive
classes.

Fankhauser, Kracker, and Neuhold [20] compare classes by the names and
the types of their attributes and on the relevance ratios of their attributes.

De Souza [16] defines a tool that compares object types using their names,
their identifiers, and their properties (attributes and relationships). The
comparison yields three probabilities, which are combined into an overall
probability using three weights. The weights can be adapted to cope with
homonyms, synonyms, and conflicting properties. Furthermore, the compar-
ison is extended with a comparison of the constraints and the neighbours
(parents and children) in the generalisation hierarchy.

Rundensteiner [44] compares classes using a ‘subtype’ relation based on the
names and the domains of their properties and on their populations.

Bouzeghoub and Comyn-Wattiau [10] compare attributes by name and type.
Furthermore, entity types are compared by their names, their attributes,
their constraints, and their populations. The comparison of entity types
yields four similarity values. Inheritance rules and restructuring rules are
used to enhance the similarity values of entity types.

Garcia-Solaco, Castellanos, and Saltor [22] compare schemas using struc-
tural and semantic information. The structural information is given by
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the attribute names and the attribute types. The semantic information is
obtained by a semantic enrichment phase, where populations of a schema
are analysed to infer dependencies (e.g., keys) and the inferred dependen-
cies are used to create a semantically rich schema with different kinds of
aggregations and generalisations.

Larson, Navathe, and Elmasri [33] compare attributes by their domain, their
cardinalities, the integrity constraints, the allowable operations, and their
scale. Furthermore, object classes are compared by their key attributes.

Sheth, Larson, Cornelio, and Navathe [49, 50] define a tool that uses the
attribute comparison of [33]. The tool derives an entity similarity matrix,
where each element specifies the number of equivalent attributes between
two entity classes. Using the information in this matrix, the tool asks the
designer to specify assertions for every pair of similar entity classes. If
the designer specifies conflicting assertions, he/she is asked to change the
assertions.

Hayne and Ram [25] compare classes by their names, their identifiers, the
names and the types of their attributes, their relationships, and the types
of their transactions.

To rephrase, integration methods can be distinguished by the way they interact
with the designer. Assertion-based methods first require the designer to com-
pare every pair of elements in the component schemas and then derive similarities
between elements. This approach is based on the argument that semantic equiv-
alence can only be determined by the designer (with help of the end users). The
advantage is that all similarities derived from the assertions reflect the real world
semantics of the users; a disadvantage is that the designer has to do a lot of work.
The other methods derive similarities between elements first and then require the
designer to check these similarities. The advantage is that the amount of work
for the designer is reduced; a disadvantage is that semantic equivalence is not
determined in all cases.

1.2.2 Conforming and restructuring

We can distinguish between two types of integration methods based on the level
of conflict resolution in the conforming phase and the level of redundancy removal
in the restructuring phase. Some integration methods have a simple conforming
phase and do the actual integration in the restructuring phase:

Biskup and Convent [9] and Casanova and Vidal [14] merge component
schemas by superimposition, add the integration dependencies given by the
designer, and normalise the resulting schema using transformations that
remove redundant integration dependencies.
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Motro and Buneman [39, 38], Dayal and Hwang [15], Larson, Navathe,
and Elmasri [33], Buneman, Davidson, and Kosky [12], Rundensteiner [44],
Sheth, Gala, and Navathe [46, 47] Sheth, Larson, Cornelio, and Navathe
[49, 50], and Mannino, Navathe, and Effelsberg [36, 37] merge component
schemas into a global specialisation hierarchy and normalise the hierarchy
using algebraic operators, such as join and meet.

Other methods do the actual integration in the conforming phase and also have
a restructuring phase:

Elmasri and Wiederhold [19], Elmasri and Navathe [18, 42, 40], Shoval and
Zohn [52], and Spaccapietra, Parent, and Dupont [54, 56, 55] define several
types of operators to integrate attributes and object types. Component
schemas are conformed by applying the appropriate integration operators
to the attributes and the object types.

Batini and Lenzerini [7] and Saltor, Castellanos, and Garcia-Solaco [45]
define several types of operators that transform attributes and object types.
These operators are used to transform the attributes and the object types
of component schemas to enable merging.

To summarise, integration methods can be distinguished by the kind of transfor-
mations they use. Some methods only use transformations to remove redundancy
in the restructuring phase, while other methods also use transformations to resolve
conflicts in the conforming phase.

1.3 This thesis

The approach towards schema integration described in this thesis has been devel-
oped in the context of an object-oriented data model, which provides an integrated
formalism for defining both structure and behaviour. The motivation for choos-
ing an object-oriented data model is that we want to compare schemas not only
by structure, but also by behaviour, since behaviour gives additional information
about the schemas. Our approach [57, 58, 59, 60, 61] differs from other approaches
on a number of points:

1. Names. The theoretical basis of our approach is invariant with respect to
renaming of classes, attributes, and methods. This means that our approach
is supplementary to an approach that uses names to find similarities, e.g.,
a lexicon-based approach.

2. Structure. We propose using schema transformations already in the com-
parison phase to detect transformational similarities between classes. This
means that more (and more complex) similarities can be detected before
interaction with the designer.
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3. Behaviour. We also propose using semantic properties of methods to detect
similarities between classes and syntactic properties of methods to reduce
the computational complexity.

The main differences with other approaches are the combination of structure and
behaviour and the application of transformations to detect similarities.

1.3.1 Outline

The outline of this thesis is as follows. Chapter 2 gives an example to illustrate
the approach developed in Part I and Part II of this thesis. Part I introduces a
simple data model and develops a theory for integrating simple database schemas
based on morphisms between classes and semantic properties of methods. Part
IT extends the simple data model of Part I and adapts the theory developed in
Part I to cope with the extended data model. Furthermore, Part II extends the
theory with transformations on classes and syntactic properties of methods.

In Chapter 3, the first chapter of Part I, simple object-oriented database
schemas are defined and formalised in terms of types and functions.

In Chapter 4, a number of equivalence relations for types are introduced and
proven to be logically equivalent. The same is done for a number of subtyping
relations.

In Chapter 5, an equality relation for functions is introduced and proven to
be decidable. The same is done for a subfunction relation.

In Chapter 6, database schemas are compared by means of a subclass relation,
which is defined in terms of the subtype and the subfunction relation.

In Chapter 7, database schemas are integrated by means of join operators
w.r.t. the subclass relation.

In Chapter 8, the first chapter of Part II, the database schemas of Part I are
extended with multiple inheritance for attributes, keys, query methods, method
calls, and object creation.

In Chapter 9, several well-known type transformations are adapted to cope
with recursive types. Furthermore, it is shown that these type transformations
induce schema transformations.

In Chapter 10, a subset of the set of schema transformations is proven to be
sound and complete w.r.t. data capacity.

In Chapter 11, schema integration is adapted to cope with extended database
schemas. Furthermore, schema integration is extended with type transformations
and syntactic properties of methods.

Finally, in Chapter 12, the overall approach is evaluated and directions for
further research are given.



Chapter 2

An introductory example

In this chapter, we illustrate how structural transformations and behavioural
properties can be used to integrate object-oriented database schemas. For that
purpose, a windowing system and a desktop publishing system are introduced,
which are inspired by the systems on page 44 and page 393 of Rumbaugh et al.
[43]. A partial, graphical, definition of the systems is given by the schemas in
Figure 2.1 and Figure 2.2.

Screen_
element

|

Screen

[\
Screen_
circle rectangle
A
Canvas_
window

Figure 2.1: Partial schema for a windowing system.

1l
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Rectangle2
creen_
document

Figure 2.2: Partial schema for a desktop publishing system.

Object-oriented database schemas consist of classes, which are related by a sub-
class relation (cf. Galileo [2], Goblin [29], O [34], and TM/FM [4]). In the figures,
classes are represented by ellipses and subclass relationships by open arrows. For
example, class Screen document is a subclass of class Document.

A class consists of attributes, constraints, and methods, which are either in-
herited or new. The attributes specify the structure of the instances of the class
and the methods specify the way the instances of the class are manipulated. An
attribute has a name and a type, which can be a basic, set, or record type, or a
class name c. In the latter case, the class to which the attribute belongs refers to
the class with name c. This fact is represented by a simple arrow in the figures.
For example, class Document refers to class Rectangle2.

A method has a name, a possibly empty list of parameters, an optional result,
and a method body that consists of simple assignments. A method also has an
implicit parameter (viz., an instance of the class to which the method belongs),
which is referred to by self in the method body. There are a number of pre-
defined functions associated with the basic types, such as addition of integers and
concatenation of strings, and a number of pre-defined methods, such as new(c, L),
which creates a new instance of the class named c according to list L.

Now, the windowing system and the desktop publishing system can be defined
completely. The complete, textual, definition of the windowing system is given
by the following schema:

Class Position
Attributes
X _co : integer
y_co : integer
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Methods
create_position (x:integer,y:integer — p:Position) =
p := new(Position, x co=x, y co=y)
Endclass
(* Instances of class Position model positions in a two-dimensional grid.
(* The attributes define the line numbers of a position.
(* The method creates a new position.
Class Screen_element
Attributes
pos : Position
Methods
reset_pos (x:integer,y:integer) =
self.pos := self.pos.create position(x,y)
Endclass
(* Instances of Screen _element model objects that can be displayed on a
(* screen (grid of pixels). The method modifies the position of an object
(* by changing the reference to a position, not the position itself.
Class Rectangle
Attributes
width : integer
height : integer
Constraints
width > 0
height > 0
Methods
area (— a:integer) = a := self.width x self.height
Endclass
Class Screen rectangle Isa Screen element, Rectangle
Methods
create rectangle (x:integer,y:integer,w:integer,h:integer
— s:Screen rectangle) =
var p : Position;
p := p.create_position(x,y);
s := new(Screen rectangle, pos=p, width=w, height=h)
display () =
rect(pos.x co, pos.y co, pos.x_co+width, pos.y co+height)
Endclass
(* Instances of class Screen rectangle model rectangles on a screen.
(* The class is a specialisation of both Screen element and Rectangle.
(* The method displays a rectangle on the screen using special function
(* rect. Note that self has been omitted in the method body, e.g.,
(* self.pos.x co has become pos.x_co.
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Class Circle
Attributes
radius : integer
Constraints
radius > 0
Methods
area (— arational) = a := 3.14 x radius x radius
Endclass
Class Screen circle Isa Screen_element, Circle
Methods
display () = circ(pos.x co, pos.y co, radius)
Endclass
(* Instances of class Screen circle model circles on a screen.
(* The class is a specialisation of both Screen _element and Circle.
(* The method displays a circle on the screen using special function circ.
Class Canvas window Isa Screen rectangle
Attributes
name : string
canvas : Screen _rectangle
items : {Screen_element}
Constraints
POS.X_€O < Canvas.pos.X_co
pos.y co < canvas.pos.y_co
canvas.pos.x_co + canvas.width < pos.x co + width
canvas.pos.y co + canvas.height < pos.y co + height
Methods
reset_canvas_pos (x:integer,y:integer) =
canvas := canvas.create rectangle(x, y, canvas.width, canvas.height)
display () =
rect(pos.x_co, pos.y_co, pos.x_co+width, pos.y co+height);
rect(canvas.pos.x_co, canvas.pos.y o, canvas.pos.x_co+canvas.width,
canvas.pos.y co+canvas.height)
move (x:integer,y:integer) =
var dx,dy : integer;
dx := canvas.pos.X CoO — pPOS.X_CO;
dy := canvas.pos.y_co — pos.y_co;
reset_pos(x,y);
reset_canvas_pos(x+dx,y+dy);
display()
Endclass
(* Instances of class Canvas window model simple windows for drawing
(* pictures. The class is a specialisation of Screen_rectangle, because
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(* instances of Screen rectangle are windows in their simplest form.
tribute canvas models the part of the window that 1s meant for drawin

* Attribut dels the p f the wind hat i t for drawing
(* pictures. The constraints model the fact that the position of the canvas
(* is absolute and the fact that the pictures must be within the window.
(* Method display is a specialisation of the method in class Screen rectangle

and displays the layout of a window.
* and displ he 1 f ind

The complete, textual, definition of the desktop publishing system is given by the
following schema:

Class Page
Attributes
number : integer
Endclass
(* Instances of class Page model pages in a document.
Class Page item
Attributes
pos : <x:integer,y:integer>
text : string
Endclass
(* Instances of class Page item model items on a page.
Class Has item
Attributes
page : Page
item : Page item
Constraints
key item
Endclass
(* Instances of class Has item model the fact that pages can have zero, one, or
(* more items. The constraint models the fact that every item can only belong
(* to one page.
Class Rectangle2
Attributes
length : integer
width : integer
Constraints
length > 0
width > 0
Endclass
Class Document
Attributes
name : string
author : string
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shape : Rectangle2
margin : Rectangle2
Endclass
(* Instances of class Document model text documents.
(* Attribute margin defines the part of the page that is meant for writing text.
Class Has page
Attributes
document : Document
page : Page
Constraints
key page
Endclass
(* Instances of class Has_page model the fact that documents can have zero,
(* one, or more pages. The constraint models the fact that every page can
(* only belong to one document.
Class Screen_document Isa Document
Attributes
pos : <x:integer,y:integer>
margin pos : <x:integer,y:integer>
Constraints
pos.x < margin_pos.x
pos.y < margin_pos.y
margin pos.x + margin.length < pos.x + shape.length
margin pos.y + margin.width < pos.y + shape.width
Methods
reset_positions (x:integer,y:integer) =
var dx,dy : integer;
dx := margin _pos.x — pos.X;
dy := margin pos.y — pos.y;
POS.X = X; POS.y :=Y;
margin_pos.x := x+dx;
margin pos.y := y+dy
display () =
rectangle(pos.x, pos.y, pos.x+shape.length, pos.y+shape.width);
rectangle(margin pos.x, margin pos.y, margin pos.x+margin.length,
margin_pos.y+margin.width)
move (x:integer,y:integer) =
reset_positions(x,y); display()
Endclass
(* Instances of class Screen document model text documents that can be
(* displayed on a screen. The constraints model the fact that the position of
(* the margin is absolute and the fact that the text must be within the page.
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(* Method display displays the layout of a document using special function
(* rectangle.

2.1 Comparison

To compare classes, we transform classes in such a way that there is a subtype
morphism or an optimal attribute mapping between them. Subtype morphisms
are treated in Chapter 6, attribute mappings in Chapter 7, and transformations
in Chapter 9. Transformations include aggregation of multiple attributes, objec-
tification of a single attribute, and their inverse operations.

Using the inverse of objectification to replace a reference to a class by a record
type and the inverse of aggregation to replace one attribute by a number of at-
tributes, we can flatten Canvas_window and Screen document as follows:

Class Canvas window
Attributes
pos x_co : integer
pos_y_co : integer
width : integer
height : integer
name : string
canvas_pos_X_co : integer
canvas_pos_y co : integer
canvas_width : integer
canvas_height : integer
items : {Screen_element}
Constraints
width > 0
height > 0
canvas width > 0
canvas_height > 0
pos X co < canvas_pos_X_cCO
pos_y_co < canvas_pos_y_co
canvas_pos x_co + canvas width < pos x co + width
canvas pos_y co + canvas_height < pos_x_co + height
Methods
reset_pos (x:integer,y:integer) =
POS X €O := X ; POS.y.CO :=Yy
area (— a:integer) =
a := width x height
create rectangle (x:integer,y:integer,w:integer,h:integer
— s:Screen rectangle) =
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s := new(Screen rectangle, pos x co=x, pos_y co=y,
width=w, height=h)
reset_canvas pos (x:integer,y:integer) =
canvas_pos_X €O := X ; Canvas_pos_y co :=y
display () =
rect(pos_x_co, pos_y co, pos x_co+width, pos_ y co+height);
rect(canvas_pos x co, canvas_pos_y co, canvas_pos X _co+canvas width,
canvas_pos_y co+canvas_height)
move (x:integer,y:integer) =
var dx,dy : integer;
dx := canvas_pos_X_co — pos_X_Co;
dy := canvas_pos_y_co — pos_y_co;
reset_pos(x,y);
reset_canvas_pos(x+dx,y+dy);
display()
Endclass
Class Screen document
Attributes
name : string
author : string
shape length : integer
shape_width : integer
margin length : integer
margin width : integer
pos X : integer
pos.y : integer
margin pos X : integer
margin pos_y : integer
Constraints
shape length > 0
shape width > 0
margin length > 0
margin width > 0
pos X < margin _pos X
pos.y < margin_pos.y
margin _pos x + margin length < pos x + shape length
margin pos_.y + margin width < pos_y + shape _width
Methods
reset_positions (x:integer,y:integer) =
var dx,dy : integer;
dx := margin pos x — pos_x;
dy := margin pos_y — pos_y;
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POS_X = X; POS_y :=Y;
margin _pos X := x+dx;
margin pos_y := y+dy

display () =

rectangle(pos_x, pos_y, pos x+shape length, pos.y+shape width);
rectangle(margin pos x, margin pos_y, margin pos x+margin length,
margin pos_y-+margin width)

move (x:integer,y:integer) =

reset_positions(x,y) ; display()

Endclass.

Attribute mappings between classes are partial functions between their attribute

sets.

An attribute mapping is optimal if it makes the sets of methods (and the

sets of constraints) as much the same as possible. To find the optimal attribute
mappings for class Canvas window and class Screen_document, we make a list of
the attribute sets that are used by the methods in Canvas window:

1.
2,

s o

reset_pos: pos_X_co, POs_y_co

area: width, height

create _rectangle: pos x co, pos_y_co, width, height
reset_canvas_pos: canvas_pos_X_CO, Canvas_pos_y €O

display: pos x co, pos_y_co, width, height, canvas pos x co, canvas pos._y_
co, canvas width, canvas height

move: pos_X_co, pos_y_co, width, height, canvas_pos x_co, canvas_pos_y co,
canvas_width, canvas_height

and a list of the attribute sets that are used by the methods in Screen_document:

1.
2.

reset_positions: pos_x, pos_y, margin_pos_x, margin_pos_y

display: shape length, shape width, margin length, margin width pos x,
pos_y, margin_pos_X, margin pos_y

. move: shape length, shape width, margin length, margin width pos x, pos_

y, margin_pos_X, margin_pos_y.

We use the cardinality of the attribute sets (and the types of the attributes in the
attribute sets) to select pairs of methods that will be compared. A pair consists of
a method in class Canvas_window and a method in class Screen_document, such
that their attribute sets have the same cardinality:

1.

create rectangle and reset_positions
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2. display and display
3. display and move
4. move and display
5. move and move.

In order to compare two methods w.r.t. a mapping, we need to know the effect
of the pre-defined methods, the predefined functions, and the special functions in
the application, e.g., given by a set of axioms.

Now, suppose that rect(zl,yl,z2,y2) and rectangle(z1,y1, z2,y2) have the
same effect. Method create rectangle and method reset_positions are not the same
(whatever attribute mapping we use), because create rectangle yields a result and
reset_positions does not. Method move and method display are neither the same,
because move modifies an object and display does not, However, the methods
named display are the same if we use an attribute mappings that:

1. either maps pos_x co, pos_y_co, width, height, canvas_pos x_co, canvas_pos_y
_co, canvas_width, canvas_height to pos x, pos_y, shape length, shape width,
margin_pos_x, margin_pos_y, margin length, margin width

2. or maps pos_X_co, pos_y_co, width, height, canvas_pos_x_co, canvas_pos_y _co,
canvas_width, canvas_height to margin pos x, margin pos_y, margin length,
margin width, pos x, pos_y, shape length, shape width.

The first of these mappings also makes the methods named move the same,
whereas the second does not. Furthermore, the first mapping also makes the
sets of constraints of class Canvas window and class Screen document the same,
whereas the second results in a set of inconsistent constraints. Hence, the first
attribute mapping is optimal.

In the same way, other classes can be compared. However, we are only in-
terested in pairs of classes that are the same for a significant part. These pairs
are:

1. Canvas_window and Screen_document
2. Screen rectangle and Screen_rectangle2

3. Rectangle and Rectangle2.

2.2 Conforming

To conform classes, we use the optimal attribute mappings found in the compar-
ison phase and the help of the designer. Using the optimal attribute mapping,
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we can conform class Canvas window and class Screen document by renaming
some of their attributes and methods. However, the resulting classes will be
quite different from the original classes at the beginning of this chapter. It is
more natural to choose either the original class Canvas window or the original
class Screen_document and conform the other class using the optimal attribute
mapping. This is done by the designer.

Suppose the designer chooses Canvas window and also decides to rename at-
tribute canvas to margin. Then Screen document is conformed as follows:

Class Screen _document
Attributes
name : string
author : string
pos : Position
width : integer
height : integer
margin : Screen rectangle2
Constraints
width > 0
height > 0
pos.x_co < margin.pos.x_co
pos.y_co < margin.pos.y_co
margin.pos.x co + margin.width < pos.x co + width
margin.pos.y co + margin.height < pos.y co + height
Methods
reset_pos (x:integer,y:integer) =
var dx,dy : integer
dx := margin.pos.x co — pos.X_co;
dy := margin.pos.y_co — pos.y_co;
pos := pos.create_position(x,y);
margin := margin.create rectangle(x+dx, y+dy, margin.width,
margin.height)
display () =
rect(pos.x co, pos.y co, pos.x co+width, pos.y co+height);
rect(margin.pos.x _co, margin.pos.y co, margin.pos.x_co+margin.width,
margin.pos.y co+margin.height)
move (x:integer,y:integer) =
var dx,dy : integer;
dx := margin.pos.x_co — pos.x_co;
dy := margin.pos.y co — pos.y co;
pos := pos.create position(x,y);
margin := margin.create rectangle(x+dx, y+dy, margin.width,
margin.height);
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display()
Endclass
Class Screen rectangle2
Attributes
pos : Position
width : integer
height : integer
Constraints
width > 0
height > 0
Methods
create rectangle (x:integer,y:integer,w:integer,h:integer
— s:Screen rectangle2) =
var p : Position;
p := p.create_position(x,y);
s := new(Screen rectangle, pos=p, width=w, height=h)
Endclass.

2.3 Merging and restructuring

To merge classes after they have been conformed, we use join operators to obtain
the most specialised common superclasses and the help of the designer to give a
name to these common superclasses. Join operators are treated in Chapter 7 and
Chapter 11.

After the conforming step of the previous section, class Canvas window and
class Screen rectangle can be merged as follows:

Class Window
Attributes
name : string
pos : Position
width : integer
height : integer
margin : Screen rectangle2
Constraints
width > 0
height > 0
pos.x co < margin.pos.x co
pos.y co < margin.pos.y co
margin.pos.x co + margin.width < pos.x co + width
margin.pos.y co + margin.height < pos.y co + height
Methods
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reset_pos (x:integer,y:integer) =
pos := pos.create_position(x,y)
display () =
rect(pos.x _co, pos.y co, pos.x_co+width, pos.y_co+height);
rect(margin.pos.x co, margin.pos.y co, margin.pos.x_co+margin.width,
margin.pos.y co+margin.height)
move (x:integer,y:integer) =
var dx,dy : integer;
dx := margin.pos.x co — pos.X co;
dy := margin.pos.y co — pos.y_co;
pos := pos.create_position(x,y);
margin := margin.create rectangle(x+dx, y+dy, margin.width,
margin.height);
display()
Endclass
Class Canvas window Isa Window
Attributes
margin : Screen rectangle
items : {Screen element}
Methods
area (— a:integer) = a := width x height
create rectangle (x:integer,y:integer,w:integer,h:integer
— s:Screen rectangle) =
var p : Position;
:= p.create_position(x,y);
s := new(Screen rectangle, pos=p, width=w, height=h)
reset_margin pos (x:integer,y:integer) =
margin := margin.create rectangle(x, y, margin.width, canvas.height)
Endclass
Class Screen document Isa Window
Attributes
author : string
Methods
reset_pos (x:integer,y:integer) =
var dx,dy : integer;
dx := margin.pos.x_co — pos.X_Co;
dy := margin.pos.y co — pos.y co;
pos := pos.create_position(x,y);
margin := margin.create rectangle(x+dx, y+dy, margin.width,
margin.height)
Endclass.

In the same way, the other pairs of classes found in the comparison phase can
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be merged. The merged schema can be restructured to reduce redundancy and
to improve understandability. Again, interaction with the designer is needed,
because the designer has to decide about understandability. For example, method
area can be migrated from class Canvas window to class Window or class Window
and class Document can be factorised into class Frame:

Class Frame
Attributes

name : string

width : integer

height : integer

margin : Rectangle2
Constraints

width > 0

height > 0
Endclass.

We conclude this chapter by giving a partial, graphical, representation of the
integrated schema in Figure 2.3.

Rectangle2

A
Canvas_ Screen_
window document

Figure 2.3: Partial schema for an integrated windowing and desktop publishing
system.

The integrated schema is correct in the sense that any instance of the original
schemas can be translated into an instance of the integrated schema without loss
of information.
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Chapter 3

Database schemas

In this part, we introduce an approach towards schema integration based on mor-
phisms between classes and semantic properties of methods [57, 58]. In the fol-
lowing part, we will extend the approach using transformations on classes and
syntactic properties of methods. The approach is developed in the context of an
object-oriented data model, similar to Galileo [2], Goblin [29, 30], GOOD [23],
O3 [34], and TM/FM [4, 5]. Such a data model offers an integrated formalism for
defining both structure and behaviour of objects in the real world. The motivation
for choosing an object-oriented data model is that we want to compare schemas
not only by structure, but also by behaviour, because we think that behaviour is
a very important aspect of ‘real world objects’.

A schema in an object-oriented data model is a class hierarchy: a set of classes,
which are related by a subclass relation and consist of attributes, constraints and
methods. In this part, we consider classes with attributes and update methods
only. A class in such a schema corresponds to a ‘real world class’, the states of
which are sets of real world objects. The state of a real world class is represented
by a set of class instances, which correspond to real world objects. The attributes
of a class instance correspond to ‘structural’ properties of a real world object and
the update methods of a class instance correspond to ‘behavioural’ properties of
a real world object. The distinction between attributes and update methods is
useful, because the attributes of a class instance, which can vary from instance to
instance, define the state of a real world object, whereas the update methods of a
class instance, which are the same for all instances, define the possible transitions
from the state of a real world object.

There are several options to formalise class hierarchies and class extensions.
One option is to assign a set of simple instances (e.g., names) to a class and to
formalise every attribute as a variable function from the set of instances to the
corresponding codomain, and every update method as a fixed function from the

27
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set of instances and the domains of the parameters to the set of instances (cf.
DAPLEX [51]). An instance can be queried and manipulated by applying the
formalised attributes and methods.

We have chosen another option, similar to the approach of TM/FM [5], where
the attributes of a class and a special identifier attribute are aggregated into a
record type (the underlying type of the class). The set of possible instances of
a class is the set of instances of its underlying type. Furthermore, every update
method is formalised as a lambda expression, the interpretation of which is a
function from the set of instances and the domains of the parameters to the set
of instances. Note that the distinction between types and functions follows the
useful distinction between attributes and update methods.

Our formalisation differs from the approach of [5] as follows. In [5], identifier
attributes are used both to discriminate between different instances and to cope
with recursive class definitions. In our formalisation, identifier attributes are used
to discriminate between different instances and recursive types are used to cope
with recursive class definitions. In fact, our formalisation resembles the approach
of GOOD [23], where cyclic graphs are used to model database schemas and
database instances, except that we use special identifier attributes. The resem-
blance stems from the fact that types and instances of types can be interpreted as
cyclic graphs or infinite trees. In the remainder of this chapter, we define simple
class hierarchies and formalise them in terms of underlying types and functional
forms.

3.1 Syntax

In this section, we introduce simple database schemas, consisting of classes with
attributes and update methods. An attribute has a name and a type, which
can be a basic, set, or record type, or a class name. An update method has a
name, a possibly empty list of parameters, and a body, which consists of simple
assignments.

Definition 3.1 First, five disjoint sets are postulated: a set CN of class names, a
set AN of attribute names, a set M N of method names, a set L of labels, and a set
BC of basic constants (i.e., ‘integer’, ‘rational’, and ‘string’ constants). The sets
are generated by the nonterminals CN, AN, MN, L, and BC, respectively. Simple
class hierarchies are the sentences of the following BNF-grammar, where the plus
sign (1) denotes a finite, nonempty, repetition, square brackets ([ ]) denote an
option, and the vertical bar (|) denotes a choice:

Hierarchy :=  Class™

Class n= ‘Class’ CN [ ‘Isa’ CN* ]
[ ‘Attributes’ Attt |
[ ‘Methods’ Meth™ ]
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‘Endclass’

Att = AN ' Type

Type :=  BasicType | SetType | RecordType | CN

BasicType ::=  ‘integer’ | ‘rational’ | ‘string’

SetType = Y Type‘}

RecordType ::= ‘<’ FieldList ‘>’

FieldList ==  Field | Field ¢, FieldList

Field = L% Type

Meth 2= MN [ ‘( ParList ‘)’ ] ‘=" AsnList

ParList == Par | Par ‘, ParList

Par w= L ‘’ BasicType

AsnList = Assign | Assign ‘;’ AsnList

Assign = Dest =’ Source | ‘insert(’ Source ‘,” Dest )’

Dest w= AN | Dest ‘. L

Source = Term | Term ‘+’ Source | Term ‘—’ Source |
Term ‘X’ Source | Term ‘=’ Source

Term z= BC|L| ‘self | Path

Path = AN | Path ‘’ L | Path ‘> AN

An assignment of the form ‘insert(e, V')’ is to be interpreted as ‘V := V U {e}’.
O

A class hierarchy is well-defined if it satisfies three conditions. The first condition
is that class names are unique within the hierarchy, and classes only refer to
classes in the hierarchy, and the Isa relation is acyclic. The second condition
is that attributes have a unique name within their class and are well-typed (see
section on underlying types). The third is that methods have a unique name
within their class and are well-typed (see section on functional forms).

3.2 Underlying types

In this section, we consider the attribute part of a class definition. We define
underlying types of classes and attribute specialisation.

Example 3.2 The following class hierarchy introduces a class ‘SimpleAddress’

and a class ‘Address’, which inherits from class ‘SimpleAddress’ and adds a new
attribute.

Class SimpleAddress
Attributes
house : integer
street : string
city : string
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Endclass
Class Address Isa SimpleAddress
Attributes
country : string
Endclass.

]

In definitions, we abbreviate every class to a 4-tuple C = (¢, S, A, M), where c is
the name of the class, S is the set of names of its superclasses, A is the set of its
new attributes, and M is the set of its new methods. The name of (abbreviated)
class C' is denoted by name(C') and the set of names of its superclasses is denoted
by sup_names(C). Furthermore, we abbreviate a class hierarchy to the set of
abbreviations of the classes in the class hierarchy.

The set of all attributes of a class consists of both the new and inherited
attributes. In order to formalise this, we formalise the Isa relation between classes
first.

Definition 3.3 Let H be an abbreviated class hierarchy satisfying the first
condition for well-defined class hierarchies. The subclass relation on H, denoted
by sub(H), is defined as the reflexive and transitive closure of:

isa(H) = {(name(C,), name(C)) | C; € HACq € HA
name(Cy) € sup_names(C1)}.

Relation isa(H) is acyclic if its transitive closure only contains pairs of the form
(c1,¢2), such that ¢; # co. O

Now we can define the set of attributes of a class.

Definition 3.4 Let H be a class hierarchy satisfying the first condition and
C = (¢,S,A,M) be a class in H. The set of all attributes of C, denoted by
atts(C), is defined as:

atts(C) = AU{a: T | 3C' € H [(name(C), name(C")) € isa(H)A
a:T € atts(C")]AVa : T' € Ala # d']}.

O

Note that redefined attributes override the corresponding attributes in the super-
class. Furthermore, note that a class can inherit attributes from more than one
superclass (multiple inheritance). However, the second condition for well-defined
class hierarchies requires that inherited attributes with the same name must be
the same (or must be redefined).

Every class in a class hierarchy has an underlying type, which describes the
structure of the class, i.e., the structure of the objects in its extensions (cf.
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TM/FM [4, 5]). Informally, the underlying type of a class is an aggregation
of its attributes, where recursive types [3] are used to cope with attributes that
refer to classes.

Definition 3.5 First, we postulate a new type ‘oid’, the extension of which is
an enumerable set of object identifiers.

Let H be a class hierarchy satisfying the first condition, C' be a class in H,
and c¢ be the name of C. The underlying type of class C, denoted by type(C), is
defined as:

type(C) = 7(c, 0)
where

7(d,n)=pd.<id:oid,a; : 7(T1,nU{d}), - -,ar : T(Tk,n U {d}) >
if d ¢ p and 3D € H[name(D) = d A atts(D) = {a1 : Ty, -+, ax : T},
r(dn)=d fden,
7(B,n) = B if B € {integer, rational, string},
r({U},m) ={r(U,n)},
T(<ly : Upy oo bt Uy 3,m) =< by 0 7(Uny ), ox o5 bn $ 17Uy 1)

where p is the minimal type constructor and d has become a type variable. Type
pt.a should be interpreted as the ‘smallest’ type 7, such that 7 is equivalent to
aft \ 7]. Set n contains the names of the classes for which a (recursive) type is
being constructed as part of the construction of the underlying type of class C.
If n contains d, then 7(d,n) = d starts the recursion. O

Note that the underlying type of a class depends on the hierarchy.

Example 3.6 The underlying types of class ‘SimpleAddress’ and class ‘Address’
of Example 3.2 are given by:

Ts = ptg. <id:oid, house:integer, street:string, city:string>
T4 = i ta. <id:oid, house:integer, street:string, city:string, country:string>,

where tg denotes ‘SimpleAddress’ and t4 denotes ‘Address’. We have obtained
underlying types that are the same as the underlying types in TM/FM. O

To reformulate the second condition for well-defined class hierarchies, we have to
introduce well-typed attributes and a specialisation relation on attributes. An
attribute is well-typed if its type is well-defined.

Definition 3.7 Let H be a class hierarchy, C' be a class in H, and a : T' be an
attribute in atts(C'). Then a : T is well-typed if and only if T' € WTypes, where
W Types is the smallest set, such that:

1. if c € CN, then ¢ € WTypes



32 CHAPTER 3. DATABASE SCHEMAS

2. if B € {integer, rational, string}, then B € WTypes
3. if U € WTypes, then {U} € WTypes

4. if {Uy,---,Un} C WTypes and {l1,---,l,} is a set of n distinct labels in L,
then <l : Uy, ---,l, : U, > € WTypes.

O

An attribute is a specialisation of another attribute if the type of the first is an
extension of the type of the second.

Definition 3.8 Let H be a class hierarchy, C; and Cy be classes in H, a : T1 be
an attribute in atts(C}), and a : T, be an attribute in atts(C2). Then a: T; is a
specialisation of a : T3 if and only if:

1. name(C;) <g name(Cs)
2T <gTh

where <p is defined by:

d<gd if (d,d) € sub(H)

B <p B if B € {integer, rational, string},

{U} <y {U’} ifU <y U',

<li:UjljedJ><g<lj:Uj|jet > if J2J AVje J'[U; <g Uj].

o

The specialisation relation on attributes is a simple subtype relation. In Chap-
ter 4, more complex subtype relations will be defined.

Attribute specialisation is a kind of attribute redefinition, where an inherited
attribute a : T, defined in class C, is replaced by a : 7" in subclass C’, such that
a : T' is a specialisation of a : T. If attribute specialisation is allowed, it still
holds that the underlying type of a subclass is a subtype of the underlying type
of the superclass (in case of general redefinition of attributes, it does not hold).

Finally, we can reformulate the second condition for well-defined class hier-
archies: every attribute must have a unique name within its class, the type of
every attribute must be well-defined, and every inherited attribute must be a
specialisation of the corresponding attribute in the superclass.

Example 3.9 The following class hierarchy introduces a class ‘Person’ and a
class ‘Employee’, which specialises inherited attribute ‘address’ and adds attribute
‘company’.

Class Person
Attributes
name : string
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mother : Person

address : SimpleAddress
Endclass
Class Employee Isa Person
Attributes

address : Address

company : string
Endclass.

The underlying types of class ‘Person’ and class ‘Employee’ are given by:

Tp = ptp . <id:oid, name:string, mother:tp, address:7g >
T = p tg . <id:oid, name:string, mother:7p, address:74, company:string>,

where tp denotes ‘Person’, tg denotes ‘Employee’, and 7g and 74 are the under-
lying types of class ‘Simple Address’ and class ‘Address’. The underlying types
of class ‘Person’ and class ‘Employee’ are not the same as the underlying types in
TM/FM, which are <id:oid, name:string, mother:oid, address:oid> and <id:oid,
name:string, mother:oid, address:oid, company:string>, respectively. O

3.3 Functional forms

In this subsection, we consider the method part of a class definition. We define
functional forms of methods and method specialisation.

Example 3.10 The following class hierarchy introduces a class ‘Personl’ with a
method ‘change _addr’ and a class ‘Person2’ with a method ‘move’.

Class Personl
Attributes
name : string
addr : <house:integer,street:string>
Methods
change addr (h:integer,s:string) =
addr.house := h;
addr.street :=s
Endclass
Class Person2
Attributes
name : string
address : <house:integer,street:string,city:string>
Methods
move (h:integer,s:string,c:string) =
address.house := h;
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address.street :=s;
address.city := ¢
Endclass.

O

The set of all methods of a class in a class hierarchy consists of both the new and
inherited methods.

Definition 3.11 Let H be a class hierarchy satisfying the first condition and
C = (¢,S,A,M) be a class in H. The set of all methods of C, denoted by
meths(C), is defined as:

meths(C) = M U {m(P) = E | 3C' € H [(name(C), name(C")) € isa(H)A
m(P) = E € meths(C')] AVm/(P') = E' € M[m # m']}.

O

Note that redefined methods override the corresponding methods in the super-
class. Furthermore, note that a class can inherit methods from more than one
superclass (multiple inheritance). However, the third condition for well-defined
class hierarchies requires that inherited methods with the same name must be the
same (or must be redefined).

Every class in a class hierarchy has a set of functional forms (one for each of
its methods), which describe the way in which the objects in the extensions of
the class are manipulated (cf. TM/FM [4, 17]). Informally, the functional form
of a method is a function whose body is an accumulation of the assignments in
the method body.

Definition 3.12 Let H be a class hierarchy satisfying the first and second
condition and C be a class in H. Furthermore, let {a; : 71, --,ax : Tx} be
atts(C) and m(P)=E be an element of meths(C). The functional form of method
m(P) = E in class C, denoted by func(C,m(P)=FE), is defined as:

fune(C,m(P)=FE) =
Aobj:type(C) AP .
eval(E)(p 6(obj). < id=obj.id,a1=0¢(a1,T1), -, ax=00(ar, Tk) >)

where

oo(r,d) = obj.r ifde CN

oo(r, B) = obj.r if B € {integer, rational, string}

UO(Ta {U}) = Obj.‘l‘

0’0(7‘, <l 3oyl iUy >) =&l = 0'0(T.l1, Ul), o iy by = Uo(T.ln, Un) ==

and
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eval(Ly; Lo)o = eval(Ly)(eval(Ly)o)
eval(ay := s)(obj) =

p6(oby). <id = eg,a; = ev(s, 0bj),az =€z, -, ar =€} >
eval(ay.ly. .1, :=s)(obj) =

p6(obj). <id = eg,a1=e.ai[ly. - .1, = ev(s, 0bj)],ap = €2, -+, ar = ex >
eval(insert(s, a;))(obj) =

w8(obj). <id = eg,a; = e.a; U {ev(s, 0bj)},a2 = €2, -+, ar =€ >
eval(insert(s,a;.ly. -+ .1,))(0bs) =

pé(obj). <id =eg,a1 = e.a[ly. - .ln = e.ay.ly. - - .1y U {ev(s, obj)}],

az = €2, ,0F = € >

and

ev(b, obj) = b
if be BC
ev(l, obj) =1
iflelL,
ev(self, obj) = 8(0bj),
ev(ly. -y, 0bj) = obj.ly. - .1y
ifl; € AN,
ev(s10sq, 0b7) = ev(sy, obj) 6 ev(sq, 0bj)
if e {+,—, %x,+}

O

Example 3.13 Let Cp; be class ‘Personl’ and Cpjy be class ‘Person2’ of Example
3.10. Let meth; be method ‘change addr’ in class ‘Personl’ and methy be method
‘move’ in class ‘Person2’. The functional forms of method ‘change_addr’ in class
‘Personl’ and method ‘move’ in class ‘Person2’ are given by:

func(Cpy, methy) = Ao:Tpy Ah:integer As:string .
u 8(0). <id=o.id, name=o.name, addr=<house=h,street=s>>,
func(Cpa, meths) = Xo:Tpy Ah:integer As:string Ac:string .
p 8(0). <id=o.id, name=o.name, address=<house=h,street=s,city=c>,
company=o.company, salary=o.salary>,

where 7p; is the underlying type of class ‘Personl’ and 7ps is the underlying type
of class ‘Person2’. O

To reformulate the third condition, we have to introduce well-typed methods and
a specialisation relation on methods. A method is well-typed if every assignment
in its body is well-defined.

Definition 3.14 Let H be a class hierarchy, C be a class in H, and m(P) = E
be a method in meths(C). An assignment d := s (resp., insert(s,d)) in E is
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well-defined if the type of s is a subtype of the type of d according to <y (resp.,
if the type of d is {T'} and the type of s is a subtype of T'), where the type of a
source or a destination is defined as follows:

1. the type of an integer constant is integer
. the type of a rational constant is rational

. the type of a string constant is string

2
3
4. the type of [ is B if [ : B is a parameter in P
5. the type of self is name(C)

6

. the type of a.7y.- -7y is T.ry.- - -7, if @ : T is an attribute in atts(C) and
Trqooor it L

7. the type of a complex term follows from the types of the subterms and the
standard rules for + (addition for integers and rationals; concatenation for
strings), — (subtraction for integers and rationals), X (multiplication for
integers and rationals), and + (division for rationals only)

8. otherwise, the type of a source or a destination is undefined
and

<l s Ryeimgldy i Ty k=T
ifle{ll,"',ln}/\T=T,'
Zlh e ,o s T, l=1
g (b, )
c.a=T
if 3C' € H 3a' : T' € atts(C')[c' = name(C') Aa=a' AT =T']
da=1

if VC' € HVa' : T' € atts(C')[c # name(C') V a # d'].

Finally, m(P) = FE is well-typed if and only if every assignment in F is well-
defined. O

A method is a specialisation of another method if the type of the first is an
extension of the type of the second and the body of the first is an extension of
the body of the second.

Definition 3.15 Let H be a class hierarchy, C; and C; be classes in H, m(P;) =
E; be a method in meths(C1), and m(P;) = E3 be a method in meth(C2). Then
m(P;) = Ej is a specialisation of m(P,) = E, if and only if:

1. name(C1) <g name(Cy)
2. By =F,
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where E; is obtained from E; by removing any assignment d := s, such that d is
not well-typed in Cy. O

The specialisation relation on methods is a simple subfunction relation. In Chap-
ter 5, more complex subfunction relations will be defined.

Method specialisation is a kind of method redefinition, where an inherited
method m(P) = F, defined in class C, is replaced by m(P') = E' in subclass C’,
such that m(P') = E' is a specialisation of m(P) = E.

Finally, we can reformulate the third condition: every method must have
a unique name within its class, every method must be well-typed, and every
inherited method must be a specialisation of the corresponding method in the
superclass.

Example 3.16 The following class hierarchy introduces a class ‘Person’ and a
class ‘Employee’, which specialises inherited attribute ‘addr’ and inherited method
‘move’.

Class Person
Attributes
name : string
addr : <house:integer,street:string>
Methods '
move (h:integer,s:string) =
addr.house := h;
addr.street :=s
Endclass
Class Employee Isa Person
Attributes
addr : <house:integer,street:string,city:string>
Methods
move (h:integer,s:string,c:string) =
addr.house := h;
addr.street :=s;
addr.city := ¢
Endclass.






Chapter 4

Properties of underlying
types

In the previous chapter, we used types to formalise states of real world objects
and functions to formalise transitions between states. Since we think it is useful
to distinguish between states and transitions, we treat types and functions sep-
arately. In this chapter, we focus on types and instances of types to obtain a
formal basis for the comparison of attributes. In the following chapter, we will
focus on functions to obtain a formal basis for the comparison of methods.
Traditional type systems consider functional types, which leads to complex
semantics for the system (cf. the systems in the A-cube [6] and the system of re-
cursive types in [3]). In this thesis, we consider basic types, set types, record types,
and recursive record types, which have simple set-theoretic semantics. We intro-
duce structural type equivalence, similar to type equivalence in Algol68 ([32]),
where types are represented by infinite trees. The motivation for trees is that
they give a natural interpretation for recursive types. Furthermore, we define
extensional type equivalence using extensions, derivable type equivalence using a
derivation system, and reducible type equivalence based on a normalisation pro-
cess. The motivation for extensions (i.e., sets of instances) is that they give a
natural set-theoretic interpretation for types. The derivation system induces an
algorithm that is similar to the algorithm in [32]. In fact, our approach resembles
the approach of Amadio and Cardelli [3]: structural type equivalence resembles
=7, extensional type equivalence resembles =}, reducible type equivalence resem-
bles =g, and derivable type equivalence =4. In addition, we introduce derivable
subtyping using a derivation system, structural subtyping using trees, and ex-
tensional subtyping using extensions. These subtype relations resemble subtype
relations < 4, <7, and <) from [3], respectively. However, there is an important
difference. Since we have no functional types, but only basic, set, record, and re-

39
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cursive record types, the models in our approach (viz., the extensions) are simpler.
As a consequence, we have stronger results: derivable equivalence is sound and
complete w.r.t. both structural and extensional type equivalence, and derivable
subtyping is sound and complete w.r.t. both structural and extensional subtyp-
ing. Finally, we show that the equivalence relations and the subtype relations are
polynomial time decidable [27]. These results are important for the comparison
of attributes.

4.1 Syntax and semantics

In this section, we define types and instances of types syntactically and seman-
tically. The set of types consists of type variables, basic types, set types, record
types, and recursive record types. The set of u-complete types is the same as the
set of types, except that every record type is preceded by an occurrence of mini-
malisation operator p [3]. In fact, u-completeness is only a technical restriction,
since every general type can be rewritten as a u-complete type. The restriction to
p-complete types just simplifies the proofs of a number of theorems. The syntax
of types is given by the following definition.

Definition 4.1 First, two disjoint sets are postulated: a set TypeVar of type
variables and a set £ of labels. The set of basic types, denoted by BTypes, is
defined as {oid, integer, rational, string}. The set of types, denoted by Types, is
inductively defined by:

1. if t € TypeVar, then t € Types
2. if B € BTypes, then B € Types
3. if v € Types, then {v} € Types

4. if {l1,--+,l,} C L is a set of n distinct labels and {vy,-+,v,} C Types,
then < Iy : vy, -+, 1l : v, > € Types

5. if t € TypeVar and {l1,---,l,} C L is a set of n distinct labels
and V = {vy,---,v,} C Types and V7 € V[t & buvars(r)],
then pt. <1y : vy, -, 1l : vy, > € Types,

where bvars(7) is the set of bound type variables in 7:

bvars(t) =0 if t € TypeVar

bvars(B) = 0 if B € BTypes

bvars({v}) = bvars(v)

bvars(< ly 1 vy, -+, ln t vy >) = bvars(vy) U - - U bvars(vy,)
bvars(ut.a) = bvars(a) U {t}.
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Furthermore, the set of closed types, denoted by CTypes, is defined as follows:
CTypes = {1 € Types | fvars(t) = 0},
where fvars(7) is the set of free type variables in 7:

fvars(t) = {t} ift € TypeVar
fvars(B) =0 if B € BTypes
fvars({v}) = fvars(v)

foars(< 1yt vy, 1y i vy >) = fvars(vy) U - -+ U foars(vy)
fvars(pt.a) = foars(a) — {t}.

The set of p-complete types, denoted by uTypes, is inductively defined by:
1. if t € TypeVar, then t € uTypes
2. if B € BTypes, then B € uTypes
3. if v € pTypes, then {v} € puTypes

4. if t € TypeVar and {ly,---,l,} C L is a set of n distinct labels
and V = {vy,--,v,} C pTypes and V7 € V[t & bvars(r)],
then pt. <y : vy, -+, 1y : vy, > € puTypes.

Finally, the set of closed p-complete types, denoted by CuTypes, consists of the
p-complete types that have no free type variables:

CuTypes = {7 € pTypes | fvars(t) = 0}.
O

Strict type equality is defined as syntactic equality, modulo permutation of fields
in record types. Weak type equality is defined as strict type equality, modulo
addition of dummy type variables.

Definition 4.2 Let 7, and 72 be types. Strict equality of 7, and 72, denoted by
T1 = Ty, is inductively defined as follows:

1. =% if t € TypeVar
2: B=B if B € BTypes
3. {v}={'} if o=

4. <ly:ivy, oy lpivg>=<i v, 0 c 0l >
ifvie {1,---,n} Fj€{L,---,n} [ =l Av; = vj]
5. pt.a = ut'.o ift=tand a =<

Weak equality of 71 and 79, denoted by 7, & 79, is inductively defined as follows:
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.ttt if t € TypeVar
.B~B if B € BTypes
Av} = {v'} ifvxv

s iyl ity >Rl 1oy, el iul >

if Vie {1,---,n} 35 € {1, -+, n} [l =1; Av; = vj]

. pt.a =~ ut'.o ift~t' and a ~ o
a ~ pta if t & fvars(a)
ut.a = o if t € fuars(e).

Using rule 6 and 7 of weak type equality, we can rewrite every type as a u-complete

type.

The semantics of types can be defined in terms of trees or extensions. The
tree of a type represents the structure of the type.

Definition 4.3 Let 7 be a type. The tree representing 7 is defined as struc(r, 0),
where struc(r,T') is defined as follows:

struc(t,T) = @

if t € TypeVar and np(t) = L,

struc(t,T') = struc(ut.o, T')

if t € TypeVar and nr(t) = pt.a,

struc(B,T') =

if B € BTypes,

struc({v},T) =

€

T
where T = struc(v, ),

struc(< ly tvy, -+, lp v, >, T) =

L by
£

where T; = struc(v;, I'),

struc(ut.o, T') = struc(e, T U {ut.a}),
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where 7r is a partial function from TypeVar to Types induced by I'; nr(t) = 7 if
7 is a type in I and 7 starts with ut (there is at most one such type: cf. Lemma
4.18) and np(t) = L if there is no type in I' that starts with ut. For convenience,
we sometimes write struc(r) instead of struc(r,0). O

The extension of a type is the set of closed terms of which the structure corre-
sponds to the structure of the type.

Definition 4.4 First, for every basic type B, we postulate a disjoint set of
constants Consp, and, for every type variable ¢, we postulate a disjoint set of
instance variables Var;. The set of all constants, denoted by Cons, is given by:

Cons = {Consp | B € BTypes}.
Furthermore, the set of all instance variables, denoted by Var, is given by:
Var = {Var, | t € TypeVar}.

Let 7 be a type. The set of terms (or instances) of type 7, denoted by terms(7),
~ is defined as follows:

terms(t) = Var, if t € TypeVar,

terms(B) = Consp if B € BTypes,

terms({v}) = { {e1, -, en} | Vi € {1, -+, n}[e; € terms(v)] },

terms(<ly vy, lp i vp >) =

{<li=e, -, ln=e,>|Vie{l, - -, n}e; € terms(v;)] },

terms(ut.c) = terms(t) U { pz.egz1 \ €1, +,Zn \ €n] |
z € Vary Aeg € terms(a) AVi € {1, --,n}|
z; € Vary Ae; € terms(ut.a) Az & BV(e;)] },

where BV (e) is the set of bound variables in term e:
BV(y) =0 if y € Var,
BV(b) =0 if be Cons,

BV({e1, -+, es}) = BV(< li = e1;:+,lp =€ >) = BV(e1) U++«U BV(ey),
BV (uy.e) = BV(e) U{y}.

The set of all terms, denoted by Terms, is given by:
Terms = {terms(7) | 7 € Types}.

Finally, the extension of type 7, denoted by ezt(7), is defined as:
ext(r) = {e € terms(7) | FV(e) C {y € Var, | s € fvars(7)}}.

where F'V(e) is the set of free variables in term e:
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FV(y) ={y} if y € Var,

FV(b) =0 if b€ Cons,

FV({e1,- -, en}) =FV(<li =€, -, ln=e, >)=FV(e1)U---UFV(ep),
FV(uy.e) = FV(e) — {y}.

]

Example 4.5 Let 7 be type ut. < a : integer,b : ¢ >. Furthermore, let z and y
be elements of Var;. Then pzr. <a=1,b=py. < a=2,b=2z >>is a term of
type 7. O

Equality of terms is defined in the same way as equality of types.

Definition 4.6 Let e; and e; be terms. Strict equality of e; and e3, denoted by
e; = eg, is inductively defined as follows:

l.z=z ifz € Var
2.b=0b ifbe Cons
3. {61,"',81,,}:{8,1,"',8:1}
if 3h:{1,---,n} H-{l,---,n}\?’ie{1,---,n}[e,~=e;l(i)]
4. <lhh=e, =€ >=<li=¢€, -1, =€, >
ifVvie{l,---,n}3je{l,---,n} =10 Ae; =€
5. uz.e = pz'.€'
ifz=2z"and e=¢,

where h: {1,---,n} < {1,---,n} denotes a bijective function. O
Similar to types, terms can be represented by trees.

Definition 4.7 Let e be a term of an arbitrary type. The tree representing e is
defined as struc(e, @), where struc(e, V) is defined as:

struc(z, V) = @

if z € Var and ny(z) = L,

struc(z, V) = struc(uz.ez, V)
if z € Var and ny(z) = pz.e,,

struc(b, V) = @

if b € Cons,

struc(@, V) = @
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struc({e1, -+, en},V) =

where T; = struc(e;, V),

struc(< ly = e, ,lp =€, > V)=

where T; = struc(e;, V),

struc(pz.e,, V) = struc(es, V U {pz.e;}),

where 7y is a partial function from Varto Termsinduced by V; ny(z) = eifeisa
term in V and e starts with pz (there is at most one such term: cf. Lemma 4.18)
and ny(z) = L if there is no term in V that starts with uz. For convenience, we
sometimes write struc(e) instead of struc(e, ). O

The equivalence relation on terms is defined as an equality relation on the trees
of the terms.

Definition 4.8 Let e; and e; be terms of arbitrary types. Equivalence of e; and
€9, denoted by e; Z g €2, is defined by:

e1 Zrgry €2 & struc(er) = struc(es).

Let F; and F; be sets of terms. Then F; is equivalent to Ej, denoted by
E) Zrprums Es, if and only if:

1. Ve, € Ej3e; € Eqle1 ZrgrM €2]
2. Vey € Ey3ey € Ey[es 2rErM €1)-
=)

The following lemma gives the relationship between equivalence of ‘sets of terms’

and equality of ‘sets of trees’.
Lemma 4.9 Let F; and F5 be sets of terms. Then:

E1 27prus B2 & {struc(e) | e € E1} = {struc(e) | e € Ey}.
Proof. The lemma follows directly from Definition 4.8. O

For the definition of the subinstance relation, we need the following definition.
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Definition 4.10 Let 77 and T3 be labeled trees. Furthermore, let ¢ be a graph
homomorphism from 77 to T5. Then ¢ is a tree morphism if and only if ¢ maps
the root to the root. And T} is a supertree of Ty, denoted by 77 J T5, if and only
if there is an injective tree morphism from T3 to 77 that preserves labels.

Let S; and Sy be sets of labeled trees. Then S; is a set of supertrees of S,
denoted by S; O Ss, if and only if:

Vs, € S13dss € 52[81 | Sz].
O

The subinstance relation on instances is defined as a supertree relation on the
trees of the instances.

Definition 4.11 Let e; and ey be terms of arbitrary types. The subinstance
relation, where e; <7gry €2 denotes that e; is a subinstance of ey, is defined by:

e1 2TERM €2 & struc(er) 3 struc(es).

Let F; and E, be sets of terms. Then E; is a set of subinstances of Ej, denoted
by E; Xrgrums Es, if and only if:

Ve, € E13e; € Esle; <TERM €2].
O

The following lemma gives the relationship between the ‘set of subinstances’ re-
lation and the ‘set of supertrees’ relation.

Lemma 4.12 Let E; and E; be sets of terms. Then:
Ey “rerms E2 & {struc(e) | e € E1} O {struc(e) | e € E}.
Proof. The lemma follows directly from Definition 4.10 and Definition 4.11. O

4.2 Type equivalence

In this section, we define two notions of semantic type equivalence and show that
they are interchangeable and decidable using a derivation system. Furthermore,
we define a normalisation process for types and prove that the equivalence relation
induced by the normalisation process is interchangeable with both notions of
semantic type equivalence.

In the previous section, the semantics of a type was defined in terms of a tree
representing the structure of the type and in terms of a set of closed terms of
which the structure corresponds to the structure of the type. These two notions
of type semantics can be used to define two notions of semantic type equivalence:
structural and extensional. Structural type equivalence is defined as an equality
relation on the trees of the types.
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Definition 4.13 Let 7, and 7, be types. Structural equivalence of 7, and 79,
denoted by 71 4. T2, is defined as:

T1 Zgtruc T2 € struc(my) = struc(rs).
O

Extensional type equivalence is defined as an equivalence relation on the exten-
sions of the types.

Definition 4.14 Let 7; and 73 be types. Extensional equivalence of 7; and 73,
denoted by 7 =, 79, is defined as:

T Sept T2 & ext(m1) ErrrMS ext(Ts).

O

4.2.1 Derivation system and normalisation process

In this subsection, we introduce a derivation system for type equivalence and a
normalisation process for types. Informally, a derivation is a tree of formulas,
where the children formulas imply the parent formula. A formula is of the form
'k 72 o (where 7 and o are types, & is type equivalence, and I is a context),
saying that 7 = o follows from the axioms for basic types and the premises in I'.
Context I' is a triple (I';,I';,I',), where an element of I'; is a type definition of
the form ut.o, saying that every type variable t on the left (i.e., in 7) corresponds
to type pt.a, an element of I', is a type definition of the form ut.c, saying that
every type variable ¢ on the right (i.e., in o) corresponds to type ut.a, and an
element of ', is a pair of type variables (t,s), where ¢ occurs on the left and
s occurs on the right, saying that ¢t and s are equivalent (and the types they
corresponds to). For convenience, we write I' U {(ut.a, us.3),(t,s)} instead of

(T U {pt.a}, T, U{us.B}, T, U{(t,s)}).

Definition 4.15 The derivation system for type equivalence, denoted by DF, is
defined as follows. The axioms of the derivation system are:

1. T+-B=B if B € BTypes

2. Thixg if (t,8) € Tp

3. THt=usp t,s)elpAusBel,
4.

5.

if (
F'Futas f{taelAnpmaely
if (

Tk pt.a ™ ps.f t,s) eTpApta el Apus.BeT,

The rules of the derivation system are:

'k pt.a =2 us.B

L T

if (t,s) gTpApt.a €1 Apus.B €T,
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'k pt.ao = ps.g

2. TFt=us g if (t,s) gTpApt.aely
'k pt.a = ps.g .

& T uta B if (t,8) ¢ T, Aus.B €T,

4 'Fr¢

’ F"{T}E{a}

- 'Er By, [Em Sy

T TRE<h i,y > <oy, o >

6. Fu{(pt.a,ps.f),(t,s)}Fax=p it (t,5) ¢ T,.

't pt.a =2 ps.p

Rules 1, 2, and 3 introduce folding of types (going from premise to conclusion)
and unfolding of types (going from conclusion to premise). O

The set of axioms and rules of DF is the same as the extended set of rules for =4
from [3]. We need the extended set for structural and extensional completeness.

Example 4.16 For convenience, we define a number of abbreviations:

a=<a;:Ba;:t,az:t>

B=<a,:B,ay:s,a3:us'.B >

B'=<a,:B,ay:s,a3:s" >

I'y = {(ut.a, us.fB),(t, s)}

Ly =Ty U {(ut.a,pus'.8'),(t,s')}.
Using derivation system DE, we obtain the following derivation for 0 - pt.a =
ps.G:

Fy-BB Tyt =s, gty

: (rule 5)
Toba®p (rule 6)
I - ut.aus'.p
(rule 2)
Fl}‘BEB, Fl ths, Fll—tgp,s'_lﬁl
(rule 5)
| S =
it (rule 6)
0k ut.a=us.g

]

Derivable type equivalence for closed u-complete types is given by the following
definition.
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Definition 4.17 Let 7, and 75 be closed p-complete types. Equivalence of 71
and 7y according to derivation system DE, denoted by 71 2p 79, is defined as
follows:

=T & OFpp 71 21,

where I' Fpp 7 & o means that there is a derivation in DE with conclusion
'HFr=e0. 0O

Derivable type equality for closed u-complete types, denoted by =p, is obtained
in the same way, from the subsystem of DF that consists of axioms 1 and 2, and
rules 4, 5, and 6. Since there is no folding or unfolding in the subsystem, derivable
equality is just equality modulo renaming of type variables.

The context of a formula in a derivation induces a function from the set of
free type variables on the left to the set of types and a function from the set of
free type variables on the right to the set of types.

Lemma 4.18 Let I' - 7 & ¢ be a formula in the derivation of § - 71 & 79, where
71 and 7y are closed types. Then nr,, defined by:

nr,(t) = pt.a if pt.a € T} for some ¢,
is a function from fvars(7) to Types and nr,, defined by:
nr,(t) = pt.a if pt.a € T, for some a,

is a function from fvars(o) to Types.

Proof. To prove the first part of the lemma, let ¢t be an element of fvars(7). It
suffices to prove that there is exactly one 7' in I'; that starts with ut. Since t is
bound by ut in 73 and rule 6 is the only rule in which ut is removed, there is at
least one type in I'; that starts with pt. Furthermore, since every type in I'; is a
substring of 7; (follows from a simple induction) and there is only one substring
of 7; that starts with ut and is also an element of Types, there is at most one type
in I'; that starts with ut.

The proof of the second part is the same as the proof of the first part. O

Finally, a rewrite process for types is defined based on folding operations.

Definition 4.19 Let 7 be a p-complete type. The reduced form of 7 is defined
as rd(7,0), where rd(7',T') is defined as follows:

rd(t,T') =t if t € TypeVar
rd(B,T') = B if B € BTypes
rd({v},T) = {rd(v, 1)}
rd(< i 1 v vy ly 2T L) =< b vd{wy, L)y ooy 1y 3 vd(vp, T) >
rd(pt.a,T) = s
if us.B € T [struc(ut.a,T) = struc(ps.3,T)]
rd(ut.a,T) = pt.(rd(e, T U {ut.a}))
if Vus.B € T [stru-(ut.a,T) # struc(us.B,T)].
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For convenience, we sometimes write rd(7) instead of rd(7,0). O

The tree representing the reduced form is the same as the tree representing the
original type.

Lemma 4.20 Let 7 be a p-complete type. Then:
struc(rd(7)) = struc(r)
Proof. The lemma follows by an induction argument on the structure of 7. O

Since every type has exactly one reduced form, the rewrite process is a normalisa-
tion process and the resulting reduced forms are normal forms. For more details
about rewrite systems, see [31]. Furthermore, the rewrite process induces an
equivalence relation on types.

Definition 4.21 Let 7; and 75 be closed p-complete types. Reducible equivalence
of 71 and 79, denoted by 7, =g 79, is defined as follows:

T ¥R Ty & rd(m) =p rd(my).
O
In the remainder of this chapter, we will prove Theorems 4.22 through 4.25.

Theorem 4.22 Derivable equivalence is sound and complete w.r.t. structural
equivalence. O

Theorem 4.23 Structural and extensional equivalence are logically equivalent.
a

This means that both notions of semantic type equivalence are interchangeable.
Combining Theorems 4.22 and 4.23, we can conclude that derivable equivalence
is sound and complete w.r.t. extensional equivalence. This means that if a type
is equivalent to another type, then any instance of the first type is equivalent to
an instance of the second type. It follows that if types are interchangeable, then
their instances are interchangeable as well.

Theorem 4.24 Derivable and reducible equivalence are logically equivalent. O
Theorem 4.25 Derivable equivalence is decidable. O

Combining Theorems 4.22 through 4.24, we can conclude that all notions of type
equivalence are logically equivalent. This means that it does not matter whether
type equivalence is defined using trees, extensions, a derivation system, or a nor-
malisation process. Using Theorem 4.25, we can conclude that all notions of type
equivalence are decidable.

For the following chapters, the equivalence relation on types is defined as
extensional type equivalence.
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Definition 4.26 Let 7, and 75 be closed types. Equivalence of 7, and 79, denoted
by 71 2 7ypE Te, is defined by:

TL E1ypE T2 & T1 Zegt To.

O

4.2.2 Soundness w.r.t. structural equivalence

In this subsection, we prove the soundness part of Theorem 4.22. More precisely,
for closed p-complete types 71 and 75, we prove:

71 Zp T2 = T1 Zstruc To-

[a¥)

First, for every formula I' -+ 7 2 o in the derivation of § F 71 & 75, a tree
is constructed. The tree is constructed in such a way that it is equal to both
struc(r,T;) and struc(o,T,), except for the free type variables. Following the
derivation, constructing the tree for a formula from the trees for its children
formulas, we obtain a tree that is equal to both struc(ri,0) and struc(ry,0),
(because 71 and T, have no free type variables).

Before giving the definition, we illustrate how to construct the trees corresponding
to the formulas in a derivation.

Example 4.27 Let D be the derivation of Example 4.16 and f be an injective
function from {t} x {s, s’} to TypeVar — {t,s,s'}. The tree for 'y - a = (' is

given by:

where every subtree corresponds to one of the children formulas of 'y F a & §'.
The tree for 'y F pt.ao & ps'.' is given by:

a a as
T
where T is the tree for I'; F pt.a = us'.3' itself, resulting in an infinite tree.
The resulting tree is an extension of the tree for I'y F o = 3'. The tree for
'y Ft = us'.B" is the same as the tree for I'; + pt.a & us'.8" and the tree for
' F a2 g is given by:
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where every subtree corresponds to one of the children formulas (7' = tree(t, us'.5’',
I'y)). Finally, the tree for @ - ut.a = ps.( is given by:

a%
&) 1 n

where T} is the tree for 0 F pt.a & ps.3 itself and Ty = tree(t, us'.8',T'1)[f(¢,s) \
T1]. The resulting tree is an extension of the tree for ' Fa & 4. O

After illustrating how to construct the trees corresponding to the formulas in a
derivation, we give the definition.

Definition 4.28 Let 7y and 75 be closed p-complete types. Furthermore, let
f be an injective function from bvars(7,) x bvars(ry) to TypeVar — (bvars(m1) U
bvars(my)) and T'F 7 = o be a formula in the derivation of @ - 71 2 75. The tree
for I' F 7 2 o, denoted by tree(r,0,T'), is defined as follows:

tree(B, B,T') =

if B € BTypes

tree({7'},{c'},T) =

€
T
where T = tree(7',0',T)
tree(< by s Ty, oo dn 3 To Dyl s @y o0 sl i O 3, T) =
11 ln
T, T,

where T; = tree(r;,0;,T)
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tree(t,s,T') = tree(t, us.B,T') = tree(ut.a, s, I') = tree(ut.a, us.3,T') =

if (t,8) €Ty

tree(t,s,T') = tree(ut.a, us.8,T)
if (¢,8) € Tp Anr,(t) = pt.a Anr,(s) = ps.B

tree(t, us.8,T') = tree(ut.c, ps.B,T)
if (¢,5) ¢ I'p Anr,(t) = pt.a

tree(put.a, s,T') = tree(ut.c, ps.3,T)
i (t,5) ¢ Ty Ane, () = us.B

tree(ut.a, ps.3,T') = tree(a, B,T' U {(ut.a, us.B)})
if (t,5) ¢ T).
)
Finally, we prove Claim 1:
Obpe 1 =1 = (tree(m,12,0) = struc(my,0) A tree(ry, 72, 0) = struc(rz, 0)).

From this claim it follows that derivable equivalence is sound w.r.t. structural
equivalence.

Obpe 11 210 = struc(m) = struc(my).

4.2.2.1 Proof of Claim 1

IfT F 7 & o is a formula in the derivation of 0 F 7, & 75, then tree(r,o,T)

can contain free type variables, whereas struc(7,I') cannot. Therefore, we prove
the following, stronger, version of Claim 1. For every formula I' - 7 2 ¢ in the
derivation tree of 0 - 71 = 79:

tree(t,o,T)[f(t',s") \ struc(ut'.a',T;) | (t',s") € Tp Anr,(t') = ut'.a]
= struc(7, ),
where T'[t; \ T; | i € I] is the tree obtained from T by replacing every leaf labeled
t; by tree T;, for every 7 € I.
The proof is an induction argument on the distance of a formula in the deriva-
tion tree to its remotest descendant. For sake of convenience, let [Sr] denote

[f(t',s")\ struc(ut'.o',T) | (t',s") € Tp Anr,(t') = pt'.a'].
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Base step: the formula is an axiom.
Axiom 1: T'+ B = B. Then, obviously:

tree(B, B,T')(Sr] = tree(B, B,T') = struc(B,T)).

Axiom 2: T'+ ¢t = s. Then (t,s) must be an element of I', and there must be a
type a, such that nr,(t) = pt.c. Hence:

tree(t, s,T')[Sr]| = struc(pt.a, ;) = struc(t, ).

Axiom 3,4,0r 5: T'Ht 2 us.B, ' F ut.a = s, or I' b pt.a = ps.B. Similar to the
previous case.

Induction step: the formula is the result of applying a rule to a number of formulas
which are closer to their remotest descendant.

Rule 1: T'F ¢t = 5. Then there must be types nr,(t) = pt.a and nr,(s) = ps.g3,
such that:

'k opt.o = ps.B.
Using the induction hypothesis, we can conclude that:
tree(pt.c, us.B,T)[Sr] = struc(ut.a, T}).
Since (t, s) is not an element of T', it follows that:
tree(t,s,I')[Sr] = tree(ut.a, ps.B,T)[Sr] = struc(ut.a,T';) = struc(t,I}).

Rule 2 or 3: '+t = ps.f or I' F put.a = s. Similar to the previous case.
Rule 4: T'+ {7} = {0}. From I' - 7 = o and the induction hypothesis, it follows
that:

tree(r,o,I')[Sr] = struc(r,T).

Hence:
tree({r}, {0}, I)[Sr] = struc({},T1).
Rule 5: Th<ly iy, oyl i T > 2 <1yt 01,-+, 1l : 0, >. Using the induction

hypothesis for I' - 7; 2 o;, we can conclude that:
tree(r;, 04, T)[Sr] = strue(r;, I}).
Hence:

tree(<ly 71y o yln i T >, <l 07,0+, ln : 00 >,T)[Sr]
= gtruc(< ly : 7y by $ T >, T

Rule 6: ' F pt.a = ps.f. Let I be I' U {(ut.a, us.8)} and A be I' U {(¢, s)}.
From A F a 2 3 and the induction hypothesis, it follows that:
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a) tree(a, B, A)[Sa] = struc(e, A)).

The proof is based on a) and the fact that tree(ut.c, us.3,T) is an infinite rep-
etition of tree(a,8,A). To formalise the infinite repetition of tree(a,3,A), we
define tree;(a, 3, A) for ¢ € IN:

treei(a, B, A) = tree(e, 8, A),
tree;y1(a, B, A) = tree(a, B, A)[f(t,8) \ tree;(e, B, A)].

Then, for every i € IN, we have the following two properties (which will be
proven):

b) tree;(a, B, A)[f(t,s) \ tree(e, B,T")] = tree(a, 3,T")
c) tree;(a, B, A)[Sa] = struc(a, A;).

Property b) states that tree;(a,3,A) is equal to tree(a,3,I") from the root to
at least depth i. Hence, tree(a, 3,I')[Sa] is equal to tree;(a, 3, A) [Sa] from the
root to at least depth ¢. Furthermore, from the fact that f(¢,s) does not appear
in tree(e, B,I"), it follows that:

tree(a, 3,I")[Sr] = tree(e, B,T7)[Sa].

Using property c), we can deduce that tree(a, 8,I")[Sr] is equal to struc(a, A;).
Hence:

tree(ut.c, us.B,T)[Sr] = tree(a, B,T")[Sr] = struc(e, A;) = struc(pt.a, I'y).

We prove b) by an induction argument on i. The base step is an induction
argument on the distance of a formula A’ F 7 2 ¢ to its remotest descendant in
the derivation tree for A - a = 3 to prove that:

tree(r,a, A")[f(t, s) \ tree(a, B,T")] = tree(r,a,I").
The non-trivial case of this induction argument is :

tree(t, s, A")[f(t, s) \ tree(a, B, T")] =
tree(a, B,I") = tree(ut.c, us.B, ") = tree(t, s, I').

The induction step of the first induction argument is:

tree;+1(a, B, A)[f(t, s) \ tree(e, ,B M=
(tree(a, B, A)[f(t, s) \ tree;(e, B, A)))[f(t,8) \ tree(a, B,T")]
tree(a, ﬂ A)[f(t,8)\ (tree; (a ﬂ A)[f(t, )\ tree(a, B, T")])]
tree(a, B3, A)[f(t, s) \ tree(e, B,T)] =
tree(a ,B M,



56 CHAPTER 4. PROPERTIES OF UNDERLYING TYPES

where the first step follows from the definition of tree; 1, the second from the
definition of substitution, the third from the induction hypothesis, and the fourth
from the base step.

We prove c) by an induction argument on i. The base step follows from a)
and the induction step is:

tree;v1(a, B, A)[Sa] = (tree(a, B, A)[f(t, s) \ tree;(a, B, A)])[Sa] =
(tree(a, B, A)[f(t,s) \ (treei(e, B, A)[SA]) Sr] =

(tree(a, B, A)[f(t, s) \ struc(e, A;), S ]

(tree(a, B, A)[f(t, s) \ struc(pt.a, A;), Sr] =

tree(a, B3, A)[Sa] =

struc(a, A;),

where the first step follows from the definition of tree;,1, the second follows from
the definition of substitution and the fact that A, =T, U{(t, s)}, the third from
the induction hypothesis, the fourth from the definition of struc, the fifth from
the definition of Sa, and the final from a).

In the same way, we can prove the following claim; for every formulaI' F 7 & ¢
in the derivation tree of 0 F 7 & 75:

tree(t,o,)[f(t', ') \ struc(us’.8',T,) | (t',s') € T Anp, (s') = us'.B']
= struc(o,T';).

4.2.3 Completeness w.r.t. structural equivalence

In this subsection, we prove the completeness part of Theorem 4.22. More pre-
cisely, for closed p-complete types 71 and 79, we prove:

1 gstr‘uc Ta = Ti gD T2.

First, a structural equivalence tree for 71 and 75 is constructed (the structural
equivalence tree will be proven isomorphic to the derivation tree with conclusion
O F 1 2 79). The tree is constructed in such a way that every node is labeled by
a tuple of the form (7,0,T'), where 7 and o are obtained by using the structure
of 71 and 7o (and, if necessary, by unfolding types), such that struc(r,T;) =
struc(o,T',). For example, the root is labeled (11, 72, 0).

For the definition of structural equivalence trees, we need the following lemma.

Lemma 4.29 Let 7 and o be p-complete types and I' be a context, such that
struc(r,T;) = struc(o,T,) and struc(r, ;) contains no type variables. Then:

1. if r = B, then 0 = B
2. if 7 = {mn }, then 0 = {01} and struc(m, ;) = struc(o1,T))
.ifr=<ly:7, - ,lp:7Th >, then

oc=<l:01, ,lp: 0, > and struc(r;, ) = struc(o;,T;))
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4. if 7 = t, then either

a. 0 = s and 7, (t) = pt.a and nr,(s) = ps.8 and

struc(a, Iy) = struc(B,T)

b. o = ps.8 and nr,(t) = pt.a and struc(e, I'}) = struc(3,T, U {c})
5. if 7 = pt.a, then either

a. 0 = s and nr,(s) = ps.8 and struc(a, Ty U {7}) = struc(B3,T';)

b. o0 = ps.f and struc(e,I; U{7}) = struc(8,T, U {c}).

Proof. The lemma follows directly from Definition 4.3. O
Now, we can define the children of a node in a structural equivalence tree.

Definition 4.30 Let z = (7,0,T) be a tuple, such that 7 and o are p-complete
types, ' is a context, struc(r,I';) = struc(o,I';), and struc(r,T;) contains no type
variables. According to Lemma 4.29, there are 5 cases for z, of which the last two
cases each have two subcases. For the definition of the children of z, we divide
both subcases into two new subcases (one for (t,s) € I', and one for (t,s) € '),
obtaining 11 cases for . The set of children of z, denoted by egchildren(z) is
defined as follows:

. ifz = (B, B,T), then egchildren(z) =0
.ifz=(t,s,T)and (¢t,s) € Ty, then egchildren(z) =0
. if z = (t,ps.8,T) and (t,s) € T'p, then egchildren(z) =0
if z = (ut.a, s,T') and (¢, s) € T'p, then egchildren(z) =0
if z = (ut.a, us.3,T') and (t,s) € 'y, then egchildren(z) = 0
if z = ({7}, {0},T), then egchildren(z) = {(r,0,T)}
if@d = ly s Trymemgly S 7o >l 30545 1 1 00,55 T)s
then egchildren(z) = {(m1,01,T), -+, (Tn, 00, 1)}
8. ifz=(tsI)and (t,s) gTp Aut.a ey Aps.B €Ty,
then egchildren(z) = {(ut.a, us.8,T)}
9. ifz = (t,us.0,T) and (t,s) € T'p Apt.a € Ty,
then egchildren(z) = {(ut.c, us.3,T')}
10. if z = (pt.a, s,T') and (t,s) €T, Apus.B €Ty,
then egchildren(z) = {(ut.co, ps.3,T)}
11. if z = (put.a, ps.8,T) and (t,s) € T'p,
then egchildren(z) = {(a, B,T U {(ut.c, us.B), (t,s)})}.

R o =

O

Before giving the definition, we give an example of how to construct a structural
equivalence tree.

Example 4.31 First, we define the following abbreviations:

a=<a;:B,as:t,az:t>
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B=<a;:B,ay:s,a3:us'.B >
B =<a;:B,ay:s,a3:s >

I'y = {(ut.a, us.B), (t, s)}

Ly =T U{(pt.a,ps'.B),(t,s')}.

Then struc(ut.a, 0) = struc(us.B,0). The descendants of (ut.a, us.3,0) are given
by:

egchildren((ut.a, ps.3,0)) = {(«, 8,T1)}

eqchildren((e, 8,T1)) = {(B, B,I'1), (t,s,T1), (t, us'.8',T1)}
eqchildren((B, B,T'1)) =0

egchildren((t,s,I'1)) =0

egchildren((t, us'.8',T1)) = {(pt.a, us’.8',T'1)}
eqchildren((ut.ct, s’ 8, T1)) = {(c 8, T}
egchildren((a, B',T3)) = {(B, B,T'2), (t,s,T2),(t,s',T2)}
eqchildren((B, B,I'2)) =0

eqchildren((t,s,T'y)) =0

egchildren((t,s',T3)) = 0.

O

The following lemma states that, if a tuple satisfies the precondition of Definition
4.30, then so do its children.

Lemma 4.32 Let ¢ = (7,0,T') be a tuple, such that 7 and o are p-complete
types, I' is a context, struc(r, ) is equal to struc(o,T',), and struc(r,I';) contains
no type variables. Then every element of egchildren(z) is a tuple 2’ = (7', 0',I"),
such that struc(7',T'}) = struc(o’,T"},) and struc(7’,I'}) contains no type variables.
Proof. The lemma follows from Definition 4.30 and Lemma 4.29. O

Using Lemma 4.32, we can finally give the definition of structural equivalence
trees.

Definition 4.33 Let 7; and 75 be closed u-complete types, such that struc(m,0)=
struc(y, ). The structural equivalence tree for 71 and 75 is defined as egtree((r1, 72,
0)), where egtree((r,0,T)) is defined as follows:

1. if z = (1,0,T) and eqchildren(z) = 0,
then egtree(z) has only one node, labeled (7,0, T')
2. if z = (7,0,T') and egchildren(z) # 0,
then egtree(z) consists of a root, labeled (7,0,T"), and,
for every y € egchildren(z), a subtree egtree(y) and an arrow
from the root to subtree egtree(y).
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Lemma 4.34 The structural equivalence tree for 71 and 7 is finite.
Proof. The structural equivalence tree for 71 and 75 is constructed by starting
with root (71, 7y,0) and applying the definition of egchildren to the leaves, until
every leaf has an empty set of children. Case 6, 7, and 11 can only be applied a
finite number of times consecutively, because they decrease the complexity of the
types. Case 8, 9, and 10 can only be applied to a leaf (¢,s,I") (resp., (¢, us.3,T)
and (ut.a,s,T")) if (¢, s) is not an element of I'. However, after one of these rules
has been applied, case 11 will be applied, adding (¢,s) to I'. This means that
neither case 8, 9, or 10 can be applied more than once for the same pair of type
variables (t,s) on a path from the root to a leaf. Since there are only finitely
many type variables in 7 and 79, case 8, 9, and 10 can only be applied a finite
number of times.

From these observations it follows that every rule can only be applied a finite
number of times. Hence, the resulting structural equivalence tree is finite. O

Finally, we prove Claim 2:
for every node labeled (7,0,T) in eqtree(ry,72,0): T Fpep 7 = 0.

From the definition of egtree and Claim 2 it follows that derivable equivalence is
complete w.r.t. structural equivalence:

struc(my) = struc(me) = OFpp m & 1.

4.2.3.1 Proof of Claim 2

The proof is an induction argument on the distance of a node to its remotest
descendant. Base step: the node is a leaf.

Case 1: z is labeled (B, B,T'). Then, using axiom 1 of the derivation system, we
have: I' Fpr B & B.

Case 2: z is labeled (t,s,I') and (t,s) € I',. Then, using axiom 2, we have:
IF'tppt™s.

Case 3: z is labeled (t,pus.3,T') and (t,s) € T',. Then, using axiom 3, we have:
F'Fppt = usg.

Case 4: z is labeled (ut.a,s,T') and (t,s) € I',. Then, using axiom 4, we have:
I'kFpp put.a=s.

Case 5: z is labeled (ut.a, pus.3,T') and (t,s) € I'p. Then, using axiom 5, we have:
I'bFpp pt.a = ps.f.

Induction step: the node is the parent of a number of nodes which are closer to
their remotest descendant.

Case 6: z is labeled ({7'},{¢'},T). The only child of z is labeled (7', ¢',T’). Using
the induction hypothesis, we can conclude: I' Fpg 7 = 0. Hence, from rule 4 of
the derivation system, it follows that: T Fpg {7} = {o}.

Case 7: z is labeled (< Iy : 7, 1 : T >, < 1y : 01,-++,1lp : 0p >, ). The
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children of z are labeled (7;,0;,'). Using the induction hypothesis, for every ¢ €
{1,---,n} we can conclude: T Fpg 7; = ;. Hence, from rule 5 of the derivation
system, it follows that: ' Fpg<ly i1, -, ln 1 Th > <y 101, 1y i op >.
Case 8: x is labeled (t,s,I') and (t,s) ¢ T',. The only child of z is labeled
(ut.a, pus.3,T). Using the induction hypothesis, we can conclude: ' Fpp pt.a =
ps.B. Hence, from rule 1, it follows that: I' Fpg t = s.

Case 9: z is labeled (t,us.3,T') and (t,s) ¢ I',. The only child of z is labeled
(ut.a, ps.B,T). Using the induction hypothesis, we can conclude: T' Fpg pt.oo =
ps.B. Hence, from rule 2, it follows that: I' Fpg t & us.8.

Case 10: z is labeled (ut.a,s,T') and (t,s) ¢ I',. The only child of z is labeled
(pt.a, ps.B,T). Using the induction hypothesis, we can conclude: I' Fpg pt.a =
us.. Hence, from rule 3, it follows that: ' Fpg pt.a = s.

Case 11: z is labeled (ut.o,pus.8,T) and (t,s) € T',. The only child of z is
labeled (e, 3,T U {ut.c, us.B3,(t,s)}). Using the induction hypothesis, we can
conclude: T'U{(ut.a, us.B),(t,s)} Fpg a = B. Hence, from rule 6, it follows that:
I'bpr pt.a = us.B.

4.2.4 Equivalence of structural and extensional equivalence

In this subsection, we prove Theorem 4.23. More precisely, for closed p-complete
types 71 and T, we prove:

T1 Zstrue T2 & T1 Zegt T2

First, for every type 7, the structural extension is defined in terms of trees (struc-
tural extensions will be proven equal for types represented by the same tree). The
structural extension of a type is defined in such a way that it corresponds to the
extension of the type.

For the definition of structural instances, we need a number of preliminary defi-
nitions. The exact tree of a type is the same as the tree of the type, except that
the exact tree contains type variables.

Definition 4.35 Let 7 be a type. The exact tree representing 7 is defined as
estruc(7,0), where estruc(7’,T) is defined as follows:

estruc(t,T) = @

if t € TypeVar and np(t) = L,

estruc(t,T') = estruc(pt.c, I")
if t € TypeVar and np(t) = ut.c,

estrue(B,T") =

if B € BTypes,
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estruc({m },T) =
€

where T' = estruc(7y,T),

estruc(< ly i Ty, oy 1y 1 Th >)

where T; = estruc(r;,T)
estruc(pt. <ly :71, -l i1 >, T) =

L L,
£
where T; = estruc(r;, TU{pt. <ly:7, -, 1, : 7 >}).

For convenience, we sometimes write estruc(7) instead of estruc(7,0). O

Lemma 4.36 Let 7 be a type. Then there is a bijective tree homomorphism

¢ from estruc(r) to struc(r), such that for every node or arrow g the following
holds:

1. if label(q) € TypeVar and q is not a leaf, then label(p(g)) = <>
2. otherwise, label(p(q)) = label(q).

where label(q) denotes the label of node or arrow gq.
Proof. The lemma follows from Definition 4.3 and Definition 4.35. O

The exact tree of a term is the same as the tree of the term, except that the exact
tree contains instance variables.

Definition 4.37 Let e be a term. The exact tree representing e is defined as
estruc(e, (), where estruc(e’,I") is defined as follows:

estruc(z,T') = @

if z € Var and nr(z) = L,

estruc(z,I') = estruc(uz.e;,I')
if z € Var and nr(z) = pz.e,,
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estruc(b,I') = @

if b € Cons,

estruc(0,T) = @

estruc({e1, -+, en},T) =

where T; = estruc(e;, T'),

estruc(<ly = ey, -, lp =€, >) =

where T; = estruc(e;, T)

estruc(pz. <ly =ep,- -+, l, =e, >, T) =
L by
1o
where T; = estruc(e;, TU{pz. <ly =e1, -, l, = e >}).
For convenience, we sometimes write estruc(e) instead of estruc(e,0). O

The instance relation between exact trees representing terms and exact trees rep-
resenting types is defined as follows.

Definition 4.38 Let 7 be a type. Then tree T is an instance of estruc(r),
denoted by inst(T, estruc(7)), if and only if there is an injective tree morphism
from T to estruc(7), such that for every node or arrow g in 7" the following holds:

1. if label(q) € Consp for some B € BTypes, then label(¢(q)) = B

2. if label(q) € Var, for some t € TypeVar and q is a leaf,
then label(p(g)) =t

3. if label(q) € Var, for some t € TypeVar and q is not a leaf,
then label(p(g)) =t and | children(q) | = | children(p(q)) |

4. otherwise, label(v(q)) = label(q).
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Example 4.39 Let 7 be type ut. < a : integer,b : us. < a : string,b : ¢ >> and
e be term pz;. <a=1,b=pur,. <a="‘1,b=y; >>, where z, is an element of
Vary, and z; and y; are elements of Var,. The exact tree representing 7, denoted
by estruc(7), is given by:

And, obviously, estruc(e) is an instance of estruc(r). O

A level-1 subterm of a term is obtained by replacing every set in the term by a
subset of cardinality 1.

Definition 4.40 Let e be a term. The set of level-1 subterms of e, denoted by
subs(e), is defined as follows:

subs(z) = {z} if z € Var,
subs(b) = {b} if b € Cons,
subs(0) = 0,
subs({e1, - -,en}) =

{{e'} | €' € subs(e1)} U---U {{€'} | ¢’ € subs(en)},
subs(<ly =€y oy ln=8y >) =

{<li=el, -, ln=¢e, >|Vie{l, -, n} e € subs(e;)]},
subs(uz.e) = {uz.e' | e € subs(e)}.

O

Example 4.41 Let e be term pz. < a = {1,2},b = py. <a= {2,5},b=z>>.
The set of level-1 subterms of e is given by:
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{pe. <a={l},b=py.<a={2} b=z >>
pr. <a={l},b=py. <a={5},b=z>>
. < a.={2},b=py < a={2},b=8>>
pe. <a={2Lb=pyp.<a={}b=2 355}

a

Now we can define structural extensions.

Definition 4.42 Let 7 be a type. The structural extension of 7, denoted by
struc_ext(), is defined as:

struc_ezt(r) = {struc(e) | e € Terms A FV(e) C {y € Var, | s € fvars(T)}A
Ve' € subs(e)[inst(estruc(e), estruc(r))]}.

O

Note that the elements of the structural extension of a type contain sets of ar-
bitrary cardinality. Furthermore, we define the projection of a term on (the tree
of) a type. A term is projected on a type by unfolding the term and renaming
instance variables until the resulting term matches the type exactly.

Definition 4.43 Let 71 and 73 be types, such that struc(m) = struc(7z). Further-
more, let g be an injective function from bvars(r;) X TypeVar to Var — fvars(m)
and e be a term, such that Ve' € subs(e)[inst(estruc(e’), estruc(71))]. The projec-
tion of e on estruc(7y) is defined as proj(e, estruc(ry),;0), where proj(e',U,V) is
defined as follows:

proj(z, node(t),V) =z if z € Var

proj(b, node(B),V) =0b if b € Cons

proj (0, tree({T'}),V) =0

proj({e1, -, ex}, tree({T}), V) = {proj(e1, T, V), -, proj(es, T, V)}

proj(z, tree(t. <ly : Ty, -+, 1 : T >),V) = g(z,t)
if g(z,t) e V

proj(z, tree(t. <ly : Ty, -, 1p : T, >),V) =
proj(nv(z), tree(t. <ly : Ty, -+, 1y : Tp >),V)
if g(z,t) gV

proj(puz. <ly = ey, -, lp =ep, >, tree(t. <ly : Ty, 1 : Ty >), V) = g(z,t)
if g(z,t) e V

proj(uz. <ly =ey, -, ln=ep > tree(t. <ly : Th,- -, 1 : Ty >), V) =
pg(z,t). <ly:proj(er, Th,VU{g(z,t),pz. <ly = ey, -, ln =€n >}), -,

lp i proj(en, Tn, VU {g(z,t),pz. < ly = ey, -+, l, = e, >}) >

if g(z,t) ¢V,

where
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node(l) = @
tree({T'}) =

€
T

treefl, <G : Ty, vl s Ty )=

|

Example 4.44 Let 7 be type pt. < a: integer,c : us. < a : integer, b : string, c :
t >> and e be term pz. < a = 1,b = ‘1’,c = z >. The projection of e on
estruc(7) is given by:

pg(z,t).<a=1lc=pg(z,s). <a=1,b="T,c=g(z,t) >>.
O

Finally, we prove Claim 3:

struc(m) = struc(me) < struc_ext(m) = struc_ext(ry),
and Claim 4:

struc_ext(T) = {struc(e) | e € ext(7)}.

From these claims it follows that structural and extensional equivalence are logi-
cally equivalent:

struc(m) = struc(my) ©
struc_ext(m) = struc_ext(mz) &
{struc(e) | e € ext(r)} = {struc(e) | e € ext(m2)} &
e.’l:t(’rl) = TERMS e:z:t(’rz).

4.2.4.1 Proof of Claim 3

Proof of =. Suppose struc(ry) = struc(ry). Using Lemma 4.36, we can conclude
that there is a bijective tree morphism from estruc(m) to estruc(7s), such that
for every node or arrow q in estruc(7;) the following holds:

1. if label(q) =t for some t € TypeVar and q is a leaf,
then label(p(q)) =t,
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2. if label(q) = t for some t € TypeVar and q is not a leaf,
then label(y(q)) = s for some s € TypeVar,

3. otherwise, label(v(q)) = label(q).

Now, let struc(e) be an element of struc ezt(r;) and e’ be an element of subs(e).
Furthermore, let P(e') be proj(e’, estruc(rz), ). Then inst(estruc(e'), estruc(m)),
because €' is an element of subs(e) and struc(e) is an element of struc_ezt(m).
From the definition of projit follows that there is an injective tree morphism from
estruc(P(e')) to estruc(rp), such that for every node or arrow q in estruc(P(e'))
the following holds:

1. if label(q) € Consp for some B € BTypes,
then label(¢(q)) = B

2. if label(q) € Var, for some t € TypeVar and q is a leaf,
then label(p(q)) =t

3. if label(q) € Var, for some t € TypeVar and q is not a leaf,
then label(p(q)) =t and | children(q) | = | children(y(q)) |

4. otherwise, label(p(q)) = label(q).
That is, inst(estruc(P(e')), estruc(rz)). Hence, for every €' € subs(e), we have:
inst(estruc(P(e')), estruc(y))].

Let P(e) be proj(e, estruc(z),0). Using the definition of proj, we can conclude
that struc(P(e)) = struc(e) and:

Ve'' € subs(P(e))[inst(estruc(e”), estruc(rs))],

because e’ € subs(P(e)) < (" = P(e') A e € subs(e)). Since FV(e) =
FV(P(e)), we have struc(e) = struc(P(e)) € struc_ext(ry). Hence, struc_ext(r;)
= struc_ext(7y).

Proof of <=. Suppose struc_ezt(;) = struc_ezt(7y). Let e; be a term, such that
there is a bijective tree morphism from estruc(e;) to estruc(7y)) that satisfies
the requirements of Definition 4.38. It follows that there is a term es, such that
struc(e;) = struc(ez) and inst(estruc(eq), estruc(re)). That is, there is a bijective
tree morphism from estruc(e;) to estruc(ey)) that preserves all labels, except type
variables, and there is an injective tree morphism from estruc(e;) to estruc(rs))
that satisfies the requirements of Definition 4.38. From the fact that the tree mor-
phism from estruc(e;) to estruc(m)) is bijective, it follows that every set in e;
(and e3) is a singleton. Hence, the tree morphism from estruc(ey) to estruc(ry))
is bijective. Using Lemma 4.36, we can deduce that that struc(m) = struc(ry).
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4.2.4.2 Proof of Claim 4
To prove {struc(e) | e € ext(7)} = struc_ext(r), where

ext(r) = {e | e € terms(t) A FV(e) C {y € Var, | s € fvars(7)}}
and

struc_ext(r) = {struc(e) | e € Terms A FV(e) C {y € Var, | s € fvars(1)}A
Ve' € subs(e)[inst(estruc(e), estruc(r))]},

it suffices to prove the following claim:
e € terms(1) & (e € Terms AVe' € subs(e) [inst(estruc(e’), estruc(r))]).

The proof is an induction argument on the structure of 7. Let 7 be basic type B.
Since inst(estruc(e), estruc(B)) < e € Consp, and, for b € Consp, subs(b) = {b},
we have:

b€ terms(B) < (b€ Terms AVY € subs(b) [inst(estruc(b'), estruc(B))]).

Let 7 be type variable t. Since inst(estruc(e), estruc(t)) < e € Vary, and, for
z € Vary, subs(z) = {z}, we have:

z € terms(t) & (z € Terms AVz' € subs(z) [inst(estruc(z'), estruc(t))]).

Let 7 be set type {m1}. Apply the induction hypothesis to 7; and use subs({ey,
o en}) = subs({e1}) U---U subs({en}).

Let 7 be record type < Iy : 71, -+, : To >. Apply the induction hypothesis to
7, fori e {1,---,n}.

Let 7 be recursive type ut.c. The proof of = is an induction argument on the
structure of term e € terms(7).

Base step: e = z € Var;. Then:

Vz' € subs(z) [inst(estruc(z'), estruc(ut.a))].

Induction step: e = uz.(eg[z1 \ €1, +,Zs \ €n]), such that eq € terms(a) and
e; € terms(ut.a), for ¢ € {1,---,n}. Applying the first induction hypothesis to eg
and the second induction hypothesis to e; through e,, gives us:

1. Ve' € subs(eg) [inst(estruc(e’), estruc(a))]
2. Vie {1,---,n} Ve' € subs(e;) [inst(estruc(e'), estruc(ut.a))].

Let R; be the transformation on trees that replaces the label of the root by t.
Since

subs(eg[zy1 \ €1, +,xn \ €n]) =
{ep[z1 \ e}, xn \ €] | ef € subs(eg) AVi € {1,---,n} [} € subs(e;)]},
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and Ry(estruc(a))[t \ estruc(ut.a)] = estruc(ut.c), we have:

1. Ve' € subs(ep[zy \ €1, -, zn \ €n))
[inst(estruc(e'), estruc(a)[t \ estruc(ut.c)])]
2. Ve' € subs(px.(eg[z1 \ €1, +,Zn \ €n])) [inst(estruc(e’), estruc(ut.a))]).

The proof of < is an induction argument on the number of bound instance vari-
ables from Var; in p_struc(e).

Base step: estruc(e) has no bound instance variables from Var,. Then e = = €
Var, and, hence, e € terms(ut.c).

Induction step: estruc(e) has j + 1 bound instance variables from Var;. Then
e = px.e; and:

Vuz.e' € subs(pz.e;) [inst(estruc(pz.e'), estruc(put.a))].

Let R, be the transformation on trees that replaces the label of the root by
z. Since estruc(uz.e’) = Ry(estruc(e'))[z \ estruc(uz.e')] and estruc(ut.a) =
Ri(estruc(a))[t \ estruc(ut.a)], we have:

Ve' € subs(e;) [inst(estruc(e’), estruc(a)[t \ estruc(ut.)]).

In faCt’ we have: e; = 60[231 \ €1, "y Tn \ e’n]$ where {ml,"'yxn} C Varu
{601 o 'aen} C Terms, and:

1. Ve' € subs(eq) [inst(estruc(e'), estruc(a))]
2. Vie {1, -, n}Ve € subs(e;) [inst(estruc(e'), estruc(ut.a))].

Applying the first induction hypothesis to eg and the second induction hypothesis
to e; through e, (every estruc(e;) has at most j bound instance variables from
Var,), gives us:

eo € terms(a) A Vi € {1,---,n}[e; € terms(ut.a)].

Hence, e = pz.e, = px.(eg[zy \ €1, -, zn \ €n]) € terms(ut.a).

4.2.5 Equivalence of derivable and reducible equivalence

In this subsection, we prove Theorem 4.24. More precisely, for closed p-complete
types 71 and 7y, we prove:

TN Zp T & T =R 7.

Proof of =. Suppose 71 &p T9. Then struc(m) = struc(rz). Hence, there is a
bijective tree morphism from estruc(7) to estruc(7y), such that for every node or
arrow g in estruc(r;) the following holds:

1. if label(q) = t for some t € TypeVar, then label(¢(q)) = s for some s €
TypeVar,
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2. otherwise, label(p(q)) = label(q).

From the definition of rd, it follows that if 7 is a type, ¢ is the bijective tree
homomorphism from estruc(rd(7)) to struc(rd(r)) as given by Lemma 4.36, n;
and ny are nodes on the same path starting at the root of estruc(rd(r)), and
the tree starting at ¢(np) is equal to the tree starting at (p(ny), then the label
of n; is equal to the label of ny. Hence, there is a bijective tree morphism from
estruc(rd(7y)) to estruc(rd(rz)) and a bijective function f from bvars(rd(r;)) to
bvars(rd(72)), such that for every node or arrow ¢ in estruc(r;) the following

holds:
1. if label(q) =t for some t € Type Var, then label(p(q)) = f(t)
2. otherwise, label(p(q)) = label(q).

That is, rd(7;) and rd(72) are equal, modulo renaming of type variables. Hence,
rd(m1) =p rd(7s).

Proof of <. Suppose rd(m1) =p rd(7s). That is, rd(7y) and rd(72) are equal,
modulo renaming of type variables. Then:

struc(m) = struc(rd(m)) = struc(rd(re)) = struc(ms)

Hence, 11 =p 5.

4.2.6 Decidability of derivable equivalence

In this subsection, we prove Theorem 4.25. More precisely, we prove that there is
a decision procedure for derivable equivalence.

Suppose 71 and 73 are closed p-complete types, and we want to know whether
1 &p Ty or 71 #p T2. Then we try to derive @ - 7, & 75 bottom up, by starting
from @ F 71 2 75 and by applying the rules of derivation system DFE until no rules
can be applied any more. For every formula of the form I' F 7 & ¢, at most one
rule can be applied. Hence, the derivation process is deterministic: there is at
most one derivation.

Rule 4, 5, and 6 can only be applied a finite number of times consecutively,
because they decrease the complexity of the types. Rule 1, 2, and 3 can only be
applied to a formula I' - ¢t = s (resp., ' Ft = ps.f and T F ut.a & s) if (¢, ) is
not an element of I'. However, after one of these rules has been applied, rule 6
will be applied, adding (¢, s) to I'. This means that neither rule 1, 2, or 3 can be
applied more than once for the same pair of type variables (¢, s) on a path from
the root to a leaf. Since there are only finitely many type variables in 71 and 75,
rule 1, 2, and 3 can only be applied a finite number of times.

From these observations it follows that every rule can only be applied a finite
number of times, resulting in a partial, but finite, derivation tree. If all leaves of
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the partial derivation tree are axioms, then there is a derivation of § - 71 & 7o
and, hence, we know: 7, =p 79. If not all leaves of the partial derivation tree are
axioms, then there is no derivation of § - 7 & 75 and, hence, we know: 71 ¥p 7o.

The decision procedure can be made more efficient by applying rule 1, 2, and
3 only once for the same pair of type variables. If the same pair of type variables
occurs in nodes on two different paths of the partial derivation tree, it suffices
to continue at one node and stop at the other node. The number of pairs of
type variables is quadratic in the length of 71 and 73, because the number of type
variables in a type is linear in the length of the type. Since syntactic comparison
of types (without unfolding) can be done in polynomial time and the number
of unfolding operations is at most the number of pairs of type variables, we can
conclude that testing for type equivalence is polynomial time decidable.

4.3 Subtyping

In this section, we extend type equivalence to subtyping. More precisely, we define
two notions of semantic subtyping and show that they are interchangeable and
decidable using a derivation system.

The intuitive idea behind subtyping is the following: 7; is a subtype of 7
if 71 has at least the ‘properties’ of 75. If the properties are preserved by type
equivalence, then subtyping is an extension of type equivalence. Similar to type
equivalence, trees and extensions can be used to define two notions of semantic
subtyping. Structural subtyping is defined as a supertree relation on the trees of
the types.

Definition 4.45 Let 7, and 73 be types. Structural subtyping, where 71 < 4c T2
denotes that 71 is a structural subtype of 75, is defined by:

T Zstruc T2 € struc(my) 3 struc(my).
O

Extensional subtyping is defined as a ‘set of subinstances’ relation on the exten-
sions of the types.

Definition 4.46 Let 7; and 75 be types. Extensional subtyping, where 71 <.z; 7o
denotes that 77 is an extensional subtype of 79, is defined by:

T1 Reat T2 & ext(7T1) JTERMS €xt(T2).
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4.3.1 Derivation system

In this subsection, we introduce a derivation system for subtyping. Again, a
derivation is a tree of formulas, where the children formulas imply the parent
formula. A formula is of the form I' - 7 < o (where 7 and o are types, < is the
subtype relation, and I is a context), saying that 7 < o follows from the axioms
for basic types and the premises in I'. A context T' is a triple (I';, 'y, T',), similar
to a context in the derivation system for type equivalence.

Definition 4.47 The derivation system for subtyping, denoted by DS, is defined
as follows. The axioms of the derivation system are:

1. THFB=<B if B € BTypes

2. TFt=Xs if (t,s) €Ty

3. THt=<usp if (t,8) €eTp Apus.BeT,

4. Thruta=<s if (t,s) eTpAputaecly

5. bk put.a =X ps.pB if (t,s)eTpApt.ael i Apus.Bel,.

The rules of the derivation system are:

'k pt.a X ps.p .

L. TFt<as if (t,s) gTpApt.a ey Aps.Bel,
'k pt.a < ps.B :

2. TFt=psf if (t,s) g Tp Apt.a € Ty
'k pt.a X ps.g .

3. TFuta=<s if (t,s)gTpApus.Bel,

4 I'Er=e

* THir} X{e}

5 F}—Tl-jala"'arl_’rnjan

T Pl sm, el Tas oo s bndom S Toam > 2 <l 201,000 ln 0y >

A <
6 Lullstapsf)(to}basf o sor

'k pt.a < ps.p
O

The set of axioms and rules of DS is the same as the extended set of rules for < 4
from [3] and an extension of the well-known subtype rules from [13] with rules for
recursive types.

Example 4.48 For convenience, we define a number of abbreviations:
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a=<a;:B,ay:taz:t,aq:t >
B=<a;:B,ay:s,a3: us'.B >
B =<a;:B,ay:s >

r= {(p't'a) psﬂ), (t’ 3)}

Iy =T1 U {(pt.a,us'.0"),(t,s")}.

Using derivation system DS, we obtain the following derivation for 0 - ut.a <
us.G:

Fg"BjB,Fgl‘tjs’

' (rule 5)
o=
T2Faxp (rule 6)
Iy opt.a < ps'.p
(rule 2)
IMT+B<XB, TIh'hrt=s T1Ftusp
(rule 5)
Ty Fa
1ha=p (rule 6)

Ok pt.a < ps.B8
O

Derivable subtyping of p-complete types is given by the following definition.

Definition 4.49 Let 77 and 73 be closed pu-complete types. Derivable subtyping,
where 71 <p 79 denotes that 71 is a subtype of 7 according to derivation system
DS, is defined by:

T 2pTe & Okpsm X7,

where I' Fps 7 & o means that there is a derivation in DS with conclusion
'rr<0. 0O

In the remainder of this chapter, we will prove Theorems 4.50 through 4.52.

Theorem 4.50 Derivable subtyping is sound and complete w.r.t. structural
subtyping. O

Theorem 4.51 Structural and extensional subtyping are logically equivalent. O

Combining Theorems 4.50 and 4.51, we can conclude all notions of type equiv-
alence are logically equivalent. This means that all notions of subtyping are in-
terchangeable. Furthermore, soundness of derivable subtyping w.r.t. extensional
subtyping means that if a type is a subtype of another type, then any instance of
the first type can be canonically transformed (using a projection function) into
an instance of the second type.

Theorem 4.52 Derivable subtyping is decidable. O
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Combining Theorems 4.50 through 4.52, we can conclude that all notions of type
equivalence are decidable. Furthermore, combining Theorems 4.22 and 4.50, we
can deduce that derivable equivalence implies derivable subtyping and that deriv-
able subtyping is antisymmetric w.r.t. derivable equivalence.

Lemma 4.53 Let 71 and 75 be closed u-complete types. Then:
T =p T & (1 2p T2 AT ZpT1).
Proof.

T =Zp T &
T1 Sstruc T2 &
struc(m) = struc(my) &
(struc(m) 3 struc(rz) A struc(re) 3 struc(m)) <
(Tl Sstruc 2 N T2 Rstruc Tl) Aad
7L Xp T2 AT Xp T1.

O

For the following chapters, the subtype relation on types is defined as extensional
subtyping.

Definition 4.54 Let 7; and 75 be closed types. The subtype relation, where
71 Xrypg To denotes that 7y is a subtype of 79, is defined as:

TIL ITYPE T2 & T1 Rext T2-

]

4.3.2 Soundness w.r.t structural subtyping

In this subsection, we prove the soundness part of Theorem 4.50. More precisely,
for closed p-complete types 71 and 75, we prove:

71 XD T2 = T1 Zstruc T2-

The proof is similar to the proof of the soundness part of Theorem 4.50. First, for
every formula I' 7 < o in the derivation of § - 71 X 75, an l-tree and an r-tree
are constructed (the l-tree will be proven to be a supertree of the r-tree). The
l-tree is constructed in such a way that it is equal to struc(r,T;) and the r-tree
is constructed in such a way that it is equal to struc(o,I';), except for the free
type variables. Following the derivation, constructing the tree for a formula from
the trees for its children formulas, we obtain an I-tree that is equal to struc(ry, 0)
and an r-tree that is equal to struc(re,®) (because 73 and 75 have no free type
variables).
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The l-tree and the r-tree are the same as the tree in the proof of soundness
w.r.t. structural equivalence, except for formulas with record types. For a formula
I' 7 < o, where 7 and o are record types, the l-tree has a child for every field
in subtype 7 and the r-tree has a child for every field in supertype o.

Definition 4.55 Let 7, and 75 be closed p-complete types. Furthermore, let
f be an injective function from bvars(r;) X bvars(rz) to TypeVar — (bvars(m) U
bvars(ry)) and T' + 7 < o be a formula in the derivation of @ 7 < 75. The
l-tree for I' F 7 < o, denoted by tree;(7,0,T') and the r-tree I' - 7 < o, denoted
by tree,(7,0,T'), are defined as follows:

tree; (B, B,T) =

if B € BTypes

treej({n}, {01}, T) =

€
T
where T = treej(m,01,T)
tree)(< Uy 71, by i oy s bk Tagm >, <y iop, o by oy >, T) =
ll ln+m
Tl-”Tn+m

where T; = tree;(7;,0;,T) for i € {1,---,n}
and T; = struc(r;,Iy) fori € {n+1,---,n+m}

tree, (< Iy 071y o gl & Ty ooty Uit T 25 < My 1010 25 lg S0 >, T) =

where T; = tree,(r;,0;,T) forz € {1,---,n}

tree;(t, s, I') = tree;(t, us.8,T) = treej(ut.a, s,T") = tree;(ut.o, ps.3,I') =
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if (¢t,8) € T

treej(t, s, I') = tree;(ut.a, ps.8,T")
if (t,8) € Tp Anr,(t) = pt.a Anr,(s) = ps.8

tree;(t, ps.8,T') = tree;(ut.a, ps.B,T)
if (t,5) ¢ Tp Anp,(t) = pt.a

treej(ut.a, s,T') = tree;(ut.a, ps.3,T)
if (¢t,8) € Tp Anr,.(s) = ps.B

tree;(ut.c, ps.B,T') = tree;(a, B,T U {(ut.c, ps.8)})
it (t,5) ¢ T,
where j € {l,r}. O
Finally, we prove soundness in two steps. First, we prove Claim 5:
Obpsm X1 = treey(r1,72,0) 3 tree, (11, tausy, 0),
and second, we prove Claim 6:

ObFps 1 310 = (treei(m1, 79, 0) = struc(my, 0)A
tree, (1,72, 0) = struc(ra, 0)).

From these claims it follows that derivable subtyping is sound w.r.t. structural
subtyping:

OFps ™ =10 = struc(m) 3 struc(rs).

4.3.2.1 Proof of Claim 5

We prove the following, stronger, version of Claim 5. For every formulaI' -7 < o
in the derivation tree of @ 71 < 79:

tree)(t,0,T) 3 tree,.(7,0,T).

The proof is an induction argument on the distance of a formula in the derivation
tree to its remotest descendant. Base step: the formula is an axiom.

Axiom 1: T'+ B X B. Then, obviously, tree;(B, B,I") 3 tree.(B, B,T').

Axiom 2: I+t <X s. Then (¢, s) must be an element of I". Hence, tree;(t,s,I') O
tree,(t,s,T).

Axiom 3, 4,0or 5: T'Ht < pus.B, T F put.a <s,or I' F put.a <X ps.B. Similar to the
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previous case.

Induction step: the formula is the result of applying a rule to a number of formulas
which are closer to their remotest descendant.

Rule 1: T'F ¢t < s. Then there must be types nr,(t) = ut.c and 7, (s) = ps.53,
such that: T' + pt.a < ps.8. Using the induction hypothesis, we can conclude:
tree;(pt.a, us.8,T) 3 tree,(ut.a, us.8,T). Since (t,s) is not an element of T', it
follows that:

treei(t, s,T') = tree;(ut.a, us.3,T) 3 tree,(ut.a, us.3,T) = tree,(t,s,T).

Rule 2 and 3: Tt X pus.B or I' F pt.a < s. Similar to the previous case.

Rule 4: T'+ {7} < {o}. Apply the induction hypothesis to ' -7 < 0.

Ruale 5: I' B< Uy 5 T2 v5ln & T * s sdngm § Tugm 2 R € Iy 180, oy 1 G >
Apply the induction hypothesis to - 7; < o;.

Rule 6: T+ pt.a < ps.B. Let I' be ' U {(ut.a, us.8)} and A be T U {(¢,s)}.
From A F o < 3 and the induction hypothesis, it follows that:

a) tree;(a, 8, A) O tree.(a, B8, A).

The proof is based on a) and the fact that tree;(ut.a, us.3,T') is an infinite rep-
etition of tree;(a, 8, A). To formalise the infinite repetition of tree;(a, 3,A), we
define treej;(a, 3, A) for j € {l,7} and i € IN:

treej1(a, B, A) = treej(a, 8, A),
treejiv1(a, B, A) = treej(a, B, A)[f(t, ) \ tree; (e, B, A))].

Then, for every 7 € IN, we have the following two properties (which will be
proven):

b) tree; i(a, B, A)[f(t,s) \ tree;(a, B,T")] = tree(a, 3,T")
c) tree;i(a, B, A) 3 tree, i(a, B, A).

Property b) states that tree;;(a,3,A) is equal to treej(a,3,I") from the root
to at least depth i. Using property c), we can deduce that tree;(a,3,I") is a
supertree of tree,(a,3,I"). Hence:

tree;(ut.a, ps.B,T) = tree)(a, B,T") 3 tree (e, B,T") = tree,(ut.c, us.3, T).

The proof of b) is the same as the proof of b) in the proof of Claim 1. The proof
of ¢) is an induction argument on ¢, where the base step follows from a) and the
induction step is:

treeriv1(a, B, A) = treei(a, B, A)[f(t, 8) \ tree; ;(a, B, A)] 3
tree.(a, B, A)[f(t, s) \ tree; i(e, B,A)] 3
tree.(a, B, A)[f(t,s) \ tree,i(a, B, A)] =
tree,iv1(a, B, A).



4.3. SUBTYPING 7

4.3.2.2 Proof of Claim 6

In the same way as Claim 1 was proven, we can prove the following, stronger,
version of Claim 6. For every formula I' - 7 < ¢ in the derivation tree of § - 7, <
Ta.

1) tree)(t,0,T)[f(t',s') \ struc(put'.a',T) | (t',s") € T'p Anr,(t')
= pt'al] = strue(r, ')

2) tree,(1,0,T)[f(t',s") \ struc(us'.8',T;) | (t',s') € T, Anr,.(s') = ps'.B']
= struc(o, ;).

4.3.3 Completeness w.r.t. structural subtyping

In this subsection, we prove the completeness part of Theorem 4.50. More pre-
cisely, for closed p-complete types 71 and 19, we prove:

T1 Zstruc T2 = T1 2D To.

The proof is similar to the proof of the completeness part of Theorem 4.22. First,
a structural subtyping tree for 77 and 79 is constructed (the structural subtyping
tree will be proven isomorphic to the derivation tree with conclusion @ - 7, < 73).
The tree is constructed in such a way that every node is labeled by a tuple of
the form (7,0,T'), where 7 and o are obtained by using the structure of 7; and
7 (and, if necessary, by unfolding of types), such that struc(r,T;) 3 struc(o,T).
For example, the root is labeled (71, 79, 0).

For the definition of structural subtyping trees, we need the following Lemma.

Lemma 4.56 Let 7 and o be u-complete types, and I' be a context, such that
struc(,T) 3 struc(o, ') and struc(r, ;) contains no type variables. Then:

l.ifr=B,thenoc =B
2. if 7 = {mn}, then o = {01} and struc(m, ;) 3 struc(oy, ;)
3. fr=<b 171, > lin : Toy >, then
o=<ly:01,- +,lp: 0, >and m > n and struc(r;, ;) 3 struc(o;,I'y)
4. if 7 = t, then either
a. 0 = s and nr,(t) = pt.a and np_(s) = ps.B and struc(a,Iy) 3
struc(8,T';)
b. ¢ = us.B and nr,(t) = pt.a and struc(e, I';) 3 struc(B8,T, U {o})
5. if 7 = pt.c, then either
a. 0 = s and nr,(s) = ws.B and struc(a, Iy U {7}) 3 struc(B,T)
b. ¢ = ps.B and struc(e, Ty U {7}) 3 struc(B8,T', U {c}).

Proof. The lemma follows from Definition 4.3. O

The children of a node in a structural subtyping tree are the same as the children
in a structural equivalence tree, except for nodes with record types. For a node
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(,0,T), where 7 and ¢ are record types, there is one child for every field in
supertype o, but no child for the additional fields in subtype 7.

Definition 4.57 Let 7 and o be p-complete types, and I' be a context, such
that struc(r,T) 3 struc(o,T';) and struc(7,I;) contains no type variables. Fur-
thermore, let  be (7,0,T). According to Lemma 4.56, there are 5 cases for z, of
which the last two cases each have two subcases. For the definition of the children
of x, we divide each subcase into two new subcases (one for (t,s) € ', and one
for (t,s) ¢ I'p), obtaining 11 cases for z. The set of children of z, denoted by
stchildren(z) is defined as follows:

. if z = (B, B,T"), then stchildren(z) = 0
.if z = (t,s,T) and (¢,s) € ', then stchildren(z) = 0
. ifx = (t,us.8,T) and (t,s) € T'p, then stchildren(z) =0
. if x = (pt.a, s,T) and (¢, 8) € T'p, then stchildren(z) =0
. if 2 = (ut.o, ps.8,T') and (t,s) € T'p, then stchildren(z) =0
.if z = ({7}, {0},T), then stchildren(z) = {(r,0,T)}
=Ll $71, sl & T, e < L 101,07 wiln 8 O 32, T,
then stchildren(z) = {(m1,01,T), -+, (Tn, 00, )}
8. ifx=(ts,I)and (t,s) gy Aput.a e Aps.Bel,,
then stchildren(z) = {(pt.a, pus.3,T)}
9. ifz = (t,us.0,T) and (t,8) € [p Apt.a €Ty,
then stchildren(z) = {(ut.a, ps.3,T)}
10. if z = (ut.a,5,T) and (t,s) € I, Aps.B €Ty,
then stchildren(z) = {(ut.a, us.8,T)}
11. if z = (ut.a, us.8,T') and (t,s) € T'p,
then stchildren(z) = {(e, 8,T U {(ut.c, ps.B8), (t,s)})}

N OOt W N

O

The following lemma states that, if a tuple satisfies the precondition of Definition
4.57, then so do its children.

Lemma 4.58 Let z = (7,0,I') be a tuple, such that 7 and o are p-complete
types, I is a context, struc(7,I';) 3 struc(o,T',), and struc(r, ;) contains no type
variables. Then every element of stchildren(z) is a tuple ' = (7',¢',T"), such
that struc(7’',T}) is a supertree of struc(o’,T".) and struc(r’,T'}) contains no type
variables.

Proof. The lemma follows from Definition 4.57 and Lemma 4.56. O

Using Lemma 4.58, we can finally define structural subtyping trees.

Definition 4.59 Let 7; and 73 be closed p-complete types, such that struc(ry, 0)
3 struc(ry, 0). The structural subtyping tree for 71 and 75 is defined as sttree((7y,
72,0)), where sttree((r,0,T")) is defined as follows:
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if £ = (,0,T) and stchildren(z) = 0,
then sttree(z) has only one node, labeled (7,0,T)
if z = (7,0,T) and stchildren(z) # 0,
then sttree(z) consists of a root, labeled (7,0,T"), and,
for every y € stchildren(z), a subtree sttree(y) and an arrow
from the root to subtree sttree(y).

O

Lemma 4.60 The structural subtyping tree for 7, and 73 is finite.
Proof. The proof is the same as the proof of Lemma 4.34. O

Finally, in the same way as Claim 2 was proven, we can prove the following claim:
for every node labeled (7,0,T) in sttree(r,72,0): T'Fps 7 <X 0.

From the definition of sttree and the claim it follows that derivable subtyping is
complete w.r.t. structural subtyping:

struc(my) 3 struc(my) = OFpsm <X 7.

4.3.4 Equivalence of structural and extensional subtyping

In this subsection, we prove Theorem 4.51. More precisely, for closed p-complete
types 71 and 79, we prove:

T1 Dstrue T2 € T1 Dext T2

The proof is similar to the proof of Theorem 4.23. First, we define the projection
of a term on (the tree of) a type. The projection is the same as the projection in
the proof of Theorem 4.23, except for records.

Definition 4.61 Let 7, and 7, be types, such that struc(ry) 3 struc(7). Further-
more, let g be an injective function from bvars(ry) X TypeVar to Var — fvars(m)
and e be a term, such that Ve' € subs(e)[inst(estruc(e’), estruc(ry))]. The projec-
tion of e on estruc(ry) is defined as proj(e, estruc(rs),0), where proj(e',U, V) is
defined as follows:

proj(z, node(t),V) =z if z € Var
proj(b, node(B),V) =1b if b € Cons
proj(0, tree({T}),V) =0
proj({e1, T en}a tree({T})v V) = {p’r‘oj(el, T, V)’ ¥ty proj(en, T, V)}
proj(z, tree(t. <ly : Ty, -+, 1l : Ty >), V) = g(z, 1)
if g(z,t) eV
proj(z, tree(t. <ly : Th,- 1, : Ty >), V) =
proj(nv(z), tree(t. <ly : Ty, 1 : T >),V)
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if g(z,t) ¢V
proj(pe. <ly = €1,y lm =€y, >, tree(t. <ly : T1, -+, 1y : Ty >), V) = g(z,t)
if g(z,t) eV
proj(pe. <ly = €1, ,lm =€y >, tree(t. <ly : Th, -+, ln: Ty >), V) =
pg((E,t). < ll : proj(el,Tl,VU {g(l‘,t),#z < ll = el,"'alm =€m >})""’
l, : proj(en, Tn, VU {g(z,t),pz. <l = €1, ,lm = €m >}) >
if g(z,t) ¢ V,

where node and tree are as defined in Definition 4.43. O
Finally, in the same way as Claim 3 was proven, we can prove the following claim:
struc(my) 3 struc(my) < struc_ezt(m) 3 struc_ext(7s).

Using this claim and Claim 4, we can conclude that structural and extensional
subtyping are logically equivalent:

struc(m) 3 struc(my) <
struc_ezt(m) 3 struc_ext(ry) &
{struc(e) | e € ext(r1)} 3 {struc(e) | e € ext(m2)} &
ext(11) 2 TERMS ext(Ts).

4.3.5 Decidability of derivable subtyping

The proof of Theorem 4.52 is similar to the proof of Theorem 4.25. In fact, in
the same way as it was proven that there is a polynomial time decision procedure
for derivable equivalence, we can prove that there is a polynomial time decision
procedure for derivable subtyping.



Chapter 5

Properties of functional
forms

In this chapter, we focus on functions to obtain a formal basis for the comparison
of methods. We consider functions of which the first domain and codomain are
types as defined in the previous chapter and the other domains are basic types. We
introduce an equality relation on functions, similar to extensional equality, and
weaken it. Furthermore, we define a subfunction relation using generalisations
of functions and the equality relation and weaken it. We show that the equality
relation and the subfunction relation are polynomial time decidable. These results
are important for the comparison of methods.

5.1 Syntax and semantics

In this section, we define functional forms syntactically and semantically. The
syntax of functional forms is given by the following definition.

Definition 5.1 Let 7 and o be closed types as defined in the previous chapter.
The set of functional forms from 7 to o, denoted by functions(7, o), is defined as
follows:

functions(t,0) =
{\obj:T Ap:P. e |k € IN A€ L¥ AP € BTypes* A e € expr(r,0,0)}

where obj € L is a special label and the set of expressions is given by:

ezpr(t,t,V) = Var,
if t € TypeVar
ezpr(t, B, V) = bezrr(1,B,V)U Consg U

81
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{e18e; | e1 € expr(r, B,V) A O € opsg A ez € expr(r, B,V)}

if B € BTypes
expr(t, {v}, V) = bezpr(r, {v}, V)U

{eU{e1, -+ ,en} | € € ezpr(r,{v},V)A Vi€ {1, - ,n}e; € expr(r,v,V)]}
expr(T,<ly 1 v1, ,ln i vp >, V) = bezpr(r,< Iy 1 vy, ,ln 1 vy >, V) U

{<h=e, - ln=e,>Vje{l, ---,n}e; € expr(r,v;,V)]}
expr(T, put.a, V) = bezpr(r, ut.a, V') U

{pz.(eo[z1 \ €1, -, zn \ €n]) | € Var,A

eo € expr(t,a, V U {ut.a})A

FV(eo) N Vary = {z1, -+, Za}A

Vje{l,---,n}e; € Var, U expr(r, ut.a, V) ANz & BV(e;)]},

where the set of basic expressions is given by:

bezpr(T,v, V) = {obj.ly.- - I, | estruc(r.ly. - -.l,) = estruc(v,V)}
U {pi | estruc(P;) = estruc(v,V)}

and the set of operators is given by:

0pseia =0

OPSinteger — {+’ ) X}
OPSrational — {+’ ™ X,+}
opsstring == {+}

The set of all functional forms, denoted by Functions, is defined as:
Functions = |J{functions(r,0) | 7 € Types A o € Types}.
O

The semantics of a functional form from 7 to o can be defined as a set-theoretic
function, where the first domain of the function is given by the semantics of 7
and the codomain of the function is given by the semantics of o.

Definition 5.2 Let the semantics of a type v, denoted by [v], be given by:
[v] = {ezt(v') | V' ZrypE v}

Furthermore, let 7 and o be types and F = Aobj:7Ap1:71 - - - px 7. f be a functional
form in functions(7, o). The semantics of F' are given by function Fpj from [7] x
[r1] % - -+ x [7] to [o], such that:

Veg € [r]Ver € [11] - - - Vex € [7]
[ Fyy(eo,e1,---,ex) = I(F(eo)(e1) - (ex)) ],

where

F(eo)(e1) - (ex) = flobj \ eo,p1 \ €1, -, px \ ex]



5.1. SYNTAX AND SEMANTICS 83

and

I(x)== if x € Var

Z(b) =bif b€ Cons

I(6(uzx.e)) =z

I(edy. ) = T(T(edy. -~ dn_1)dn)
ifn>1

I(< l, = €1y iy =€5 > .l,‘) = €;

I((px.e).l) = I(cut(e[z \ pz.€],0).l)

I(e10e2) = 5(9,1(61),1(62))

T({er, - yend) = {Z(er)s -+ Tlea)}

I<h=ea=en>)=<h=I(e1), ,ln =T(en) >

I(pz.e) = pz.I(e)

and
cut(z', V) =4 if ' € Var
cut(b,V)=1b if b € Cons

cut({e1, -+, en}, V) = {cut(e1, V), - -, cut(en, V)}
cut(<ly =e1, -, ln e, > V) =<1l = cut(e, V), -, 1, = cut(en, V) >

cut(pa'.e', V) = pa'.(cut(e',V U {2'})) ifz' ¢V
cut(uz'.e',V) =1 ifz' eV
and

O

E(+, 91, 92) is the sum of g; and go

if 91,92 € Consinteger or gi, g2 € Consrational
E(+, g1, 92) is the concatenation of g; and go

if g1,92 € Consstring
&(—, g1, 92) is the difference of g; and g2

if 91,92 € Consinteger or gi, 92 € Cons;ational
E(x,g1,92) is the product of g; and g,

if 91,92 € Consinteger or gi, g2 € Consrational
E(+, 91, 92) is the quotient of g; and gy

if 91,92 € Cons;ational
£(0,g1,92) = L otherwise.

Equality of functional forms is defined as extensional equality of their semantic
counterparts:

Definition 5.3 Let 7 and o be types. Let F' = Aobj:7Apy:11 - - Apg:7x.f and
G = Xobj:TAq1:V1 - A@m:VUm.g be functions in functions(7, o). Equality of F' and
@G, denoted by F =ppyye G, is defined by:
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F =pync G & Vep€[r]Vei€[n] - Ver€[n] [Fy(&) =p G(&)],

where € = (ep,e1,---,ex). Note that equality requires that k¥ = m and Vj €
{1,"'an}[7-j =Uj]' o

Equality of functional forms can be weakened by permuting parameters.

Definition 5.4 Let 7 and o be types. Let F = Xobj:7AP.f and G = Aobj:TAQ.g
be functions in functions(r, o). Then F'is weakly equal to G, denoted by F' =%y ¢
G, if and only if there exists a permutation @ of @, such that:

F =pync Aobj:TAQ.g .
]

To define a subfunction relation on functional forms, we have to introduce the
generalisation of a functional form.

Definition 5.5 Let 7 and 75 be types, such that 7, <7ypg 7. The general-
isation of a functional form from 7; to 7; to a functional form from 79 to 75 is
defined as follows:

gen(Xobj:my AP. e,75) = Xobj:ma AP. (proj(e, estruc(my), obj, 0)),

where P is obtained from P by removing parameters that do not occur in proj (e,
struc(7s), obj, 0) and:

proj(z, tree(t. < ly : Ty, ,lp : T, >),1, V) = g(z, 1)
ifz € Var and (z,t) € V

proj(z, tree(t. <ly : Th,+++, 1 : Tp >),,V) =1
ifz € Var and (z,t) ¢ V

PT'Oj(P, 1,1, V) =P
if p is a label occurring in P

proj(obj.ly. -+ 1y, T,1,V) = obj.ly.--- .1,

if 79.l;.+ - .l, exists and T is a subtree of estruc(ro.ly. - -.ly)
proj(obj.ly. - 1, T,[,V) = L

if 79.13. -+ .1, does not exist or T is not a subtree of estruc(7e.ly. - .ly)
proj(b, T,[,V) =b

if b€ Cons

proj(919927T1 li V) = proj(glv T’ l: V) 6 pT‘Oj(gz, T,li V)
if € {+,—, x,+} B
proj(gU{g1, -, gn}!_tree({T})’ LV)=
proj(g, tree({T'}),l,V) U
{proj(gi,T,1. €,V) |i € {1,---,n} A proj(g;, T,1. €,V) # L}
proj(< i = g1, lnem=0nsm >, tree(<>. < lp:Th, -+, 1Ty >),LV) =
< Uy = cond(proj(g:,T1,1.0l;, V), Lly),- - -,
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ln = cond(proj(gn, Tn,l.ln, V), 1.1y) >
proj(uz.e, tree(t. <1y : Ty, ,ln : Ty >),1, V) = g(z,t)
if (z,t) eV
proj(uz.e, tree(t. <ly : Ty, ,lp : Ty, >),1, V) =
p g(z,t).proj(e, tree(t. <1y : Ty, -+, ln : Ty >), 1,V U{(z,1)})
if (z,t) ¢ V,

where tree is as defined in Definition 4.43, g is an injective function from Var x
TypeVar to Var, such that g(z,t) € Vary, cond(e1,e2) = e; if e # L, and
cond(e;,es) =egife; = 1. 0O

The subfunction relation on functional forms is defined as extensional equality of
their generalisations.

Definition 5.6 Let 7y and 73 be types, such that 13 <7ypg 7. Let Fi be a func-
tional form in functions(r;,7) and F> be a functional form in functions(rs, 72).
Then Fj is a subfunction of Fy, denoted by F} <pynyc Fa, if and only if:

gen(F1,72) =runc Fa.
a
The subfunction relation can be weakened by permuting parameters.

Definition 5.7 Let 7; and 7, be types, such that 7y <7ypg 7. Let Fi be a func-
tional form in functions(r, ) and Fy be a functional form in functions(rs, 72).
Then Fj is a weak subfunction of Fy, denoted by Fi <%;nc F2, if and only if:

gen(F1, ) =%ync Fo.

a

Lemma 5.8 Let 7, and 75 be types, such that 71 <rpypg 7. Let Fj be a
functional form in functions(ti,71) and Fy = Aobj:T9AP,. f; be a functional form
in functions(ry, 72). Then F1 <%,y F2 if and only if there is a permutation P,
of P,, such that:

Fi <pync Aobj:mAPy.fo .
Proof. The lemma follows from Definitions 5.7, 5.4, and 5.6. O
In the remainder of this chapter, we prove the following theorem.
Theorem 5.9 Equality of functional forms is decidable. O

Combining this theorem with Definitions 5.4, 5.6, and 5.7, we can conclude that
both equality relations and both subfunction relations are decidable.
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5.2 Decidability of equality

In this section, we prove Theorem 5.9. More precisely, we prove that there is a
decision procedure for equality of functional forms.

First, we prove a number of lemmas. The following lemma states that, for
every set of functions with domain string™ and codomain string, there is at least
one input on which all the functions in the set differ.

Lemma 5.10 Let Hq,---, H, be functions with domain string™ and codomain
string, where the only operation is concatenation. Then:

Vi,je{l,---,n}li#j=> H #H] = i
Hi:EStringm [V‘l,] € {la o 'vn}[i :/éJ = gz(f) # Hj(f)]]’

where H is the normal form of H according to the following rewrite rules [31]:

Etw — W
w+e — w
c+d — concat(c,d),

where € is the empty string, w is a string expression, ¢ and d are string constants,
and concat(c,d) = E(+, ¢, d).
Proof. Let N be the length of £ and L be the length of the longest string constant
in any of the H;. Let K be the maximum of N and [2log L], (i) be 2X+¢ and
p(i) be 2V—%, Furthermore, let a and b be different string constants of length 1.
For every i € {1,---, N}, define:

v; = (concat(a™®, b7()))P(d)
where c® = € and c**! = concat(c, c*). For every pair of string constants ¢ and d
of length at most L, concat(c,v;) is a prefix of concat(d,v;) if and only if ¢ = j
and ¢ =d. Let v be vq,--+,vy. Then:

Vi,j € {1, -+, n}[H; # H; = Hy(%) # H;(7)].
m

The following lemma states that, for every basic type B and every set of functions
with domain B™ and codomain B, there is an input on which all the functions in
the set differ.

Lemma 5.11 Let Hq,---, H, be functions with domain B™ and codomain B
for some B € BTypes, where the only operations are the operations of Definition
5.1. Then:

Vi,j € {1,--‘,71}[1:75]' = H; #HJ] =
3FEB™ [Viyj € {1, n}i # j = Hi(#) # H;(@)]
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Proof.

Case 1: Hy,---,H, are oid-valued functions. The lemma follows from the fact
that the body of an oid-valued function is a variable.

Case 2: Hy,---, H, are polynomials with integer variables and coefficients. For

every i,j € {1,---,n}, define Dy; ;) to be H; — H;. Then:

Vi:je {1,,”}[1#_]# Hi #HJ] =
Vi,je{l,---,n}i #3j=> D ;) #0]=>
Wiz D jy # 0 =

3Z[(Mi%; D ) )(F) # 0] =

3&(Iiz;(D(i ) (F)) # 0] =

3Z[Vi,j € {1,---,n}[i # j = Hi(Z) # H;(£)]].

Case 3: Hy,- -+, H, are rational functions with rational variables and coefficients,
all different from the function that is undefined for every input. That is, for every
it € {1,---,n}, H; = F;/G;, where F; and G; # 0 are polynomials with rational
variables and coefficients. Let H be G; X -+ x G, and, for every i € {1,---,n},
define:

g,':FiXGlX---XGi_1XG,'+1X"'XGn.

Then H; = fli/H. Furthermore, for every 4,5 € {1,---,n}, let D(; ;) be H; — ij.
Then:

Vi.je{l, - n}i£j=>H;#H;|AH#0=>
Vi,je{l,-,n}i£i=>H #H|ANH#0=>
(Hi;éjD(i,j)) x H ?é 0=
3&[((Iiz; D jy) x H)(E) # 0] =
3&(ILi;(Dy; 5)(F)) x H(Z) # 0] =
3ZVi,j € {1, --,n}t # 5> D~(i,j)(a—:') zé 0] AH(Z) #0] =
3EVi,j € {1,---,n}[i # j = Hi(Z) # H;(Z)] A H(Z) #0] =
Case 4: Hy,---,H, are string-valued functions. Then the lemma follows from

lemma 5.10 and the fact that a string-valued function is extensionally equal to its
normal form. O

To extend Lemma 5.11 to general functional forms, we need to define the set of
component types of a type and the set of functional forms of a component type.

Definition 5.12 Let o be a type. The set of component types of o is defined as
comps(o, ), where
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comps(t, V) = {(t,V)}
comps(B, V) ={(B,V)}
comps({v}, V) = {({v},V)} U comps(v, V)
comps(<ly i1, b i1 >, V) =
{(<ly:m, 1y >V)}Ucomps(vy, V) U---Ucomps(va, V)
comps(ut.a, V) = {(pt.c, V)} U comps(a, V U {ut.a}).

O

The set of functional forms of a component type is given by the following recursive
definition.

Definition 5.13 Let 7 and o be types, Var' be a finite subset of Var, Ezpr’ be
a finite subset of

U{ezpr(r,B,V) | B € BTypes A (B,V) € comps(a,0)},
and Path' be a finite subset of
U{bezpr(r,v,V) | (v,V) € comps(a,0)}.

For i« € IN and (v,V) € comps(o,0), the set of expressions on level i with
codomain v and environment V, denoted by ezpr;(7,v, V), is recursively defined
as follows:

expry(7,t,V) = expr(r,t, V)N Var' if t € TypeVar
ezpry(t, B,V) = ezpr(B,V) N Expr' if B € BTypes
ezpry(T,v, V) = expr(r,v,V) N Path’ if v € Types — (TypeVar U BTypes)
expr; (7, t, V) = expri(7,t,V) if t € TypeVar
expr;,1(t, B, V) = expr,(r,B,V) if B € BTypes
ezpri-{-l(T’ {U}’ V) . ea:pri('r, {’U}, V) U
{eU{er, -, en} | € € eapri(r, {v}, V)A
V] € {1’ i '7n}[ej € E:L‘p?"i(T,’U, V)]}
expri (T, <l vy, lpivy >, V) = expri(r, <l iwy, oo ln t vy >, VU
{<lhhi=e, -, lp=e,>Vje {1, --,n}e; € expry(7,v;,V)]}
expr; (1, ut.a, V) = expri(7, ut.a, V) U
{uz.(egz1 \ €1, ", zn \ €n]) | z € Var, A ey € expr, (1,0, V U {ut.a})A
FV(eo) N Vary = {z1, -+, za }A
Vje {1, --,n}e; € Vary U expr,(t, ut.a, V) Az & BV(e;)]}.

Finally, the set of functional forms on level 7 with codomain v and environment
V, denoted by F;(1,v,V), is defined by:
Fi(1,0,V) = {/\obj:T/\ﬁ':ﬁ.e |k e INApF € LEA
P € Btypes® A e € expri(t,v,V)}.
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To extend Lemma 5.11 to general functional forms, for every set of basic functions,
we construct a special instance on which all derived functions disagree.

Construction 5.14 Let 7 and o be types. For every (v,V) € comps(c, (), the
set of paths of type v w.r.t. environment V', denoted by paths(v, V), is inductively
defined as follows:

1. if path € Path' N expry(r,v,V),
then path € paths(v,V)
2. if path € ezpry(t, < li:vy, -+, lpivg >, V),
then path.l; € paths(v;, V) for every 7 € {1,---,n}
3. if path € expro(T,put. <ly : vy, +,ln v, >, V),
where t € FV(< 1y i vy, -+, lp i vp >),
then path.l; € paths(v;, V) for every i € {1,---,n}.

Let the set of basic functions on level 0, denoted by BFunctionsg, be given by:

BFunctionsy = {\obj:TAp:P.f | B € BTypes A (B, V) € comps(a, D)A
ke INApe Lk AP e Btypes*A
f € paths(B,V) U ezpry(t, B,V)}.

According to Lemma 5.11, there is a vector & = (zg,z1, -, k) in [7] X [n1] X
-+« X [1x], such that:

VF,G € BFunctionso[F #rync G = Fjj(Z) #p Gp(&)).

Let d = (do,ds, - +,dx) be this vector and change the vector as follows. Let the
set of set-valued functions on level 0, denoted by SFunctionsg, be given by:

SFunctionsy = {/\obj:T}\ﬁ:I-".f ke NAFELEA P € Btypes* A f € SPaths},
where

SPaths = |J{paths({v}, V) | ({v}, V) € comps(a,0)}
and the set of recursive record-valued functions on level 0, denoted by RFunctions,
be given by:

RPFunctionsy = {\obj:7A\p:P.f | k € IN Ap € L* A P € Btypes® A f € RPaths},
where

RPaths = | J{paths(ut.a, V) | (ut.a,V) € comps(o,0) At € FV(a)}.

For every path obj.path € SPathsy U RPathsg, choose a unique constant cpqsn €
Cons, different from any constant in {F[](J) | F € BFunctionsg}, and extend dy
in such a way that cp.s, occurs in dy.path. Let ¢y be dy after extension and ¢ be

(co,d1,-+,di). Then:
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VF,G € Functionso[F #rync G = F[](E') #D G[](E)],
where Functionsg = BFunctionsg U SFunctionsyg U RFunctionsy. O
Now we can extend Lemma 5.11 to general functional forms.

Lemma 5.15 Let 7 and o be types, and & be the vector constructed in Con-
struction 5.14. Then:

Vie IN V(v,V) € comps(a, )
VF,G € fi(v, V)[F #rune G = F”(E') #D G[](E)].

Proof. The proof is an induction argument on i. Base step: ¢ = 0. The lemma
follows directly from Construction 5.14.

Induction step: 7 =4' + 1. Let Pathsy be [J{paths(v,V) | (v,V) € comps(c,0)}.
Casel: F,G € Fyi41(7,t,V), wheret € TypeVar. Using the fact that F;4q(7,¢t, V)
= Fy(r,t,V) and the induction hypothesis, we can deduce that F(¢) #p G(¢).
Case 2: F,G € F;141(1,B,V), where B € BTypes. The same as case 1.

Case 3: F,G € Fy41(7,{v},V). Then:

1. F=23:Q.(fU{fi, -, fa})

2.G= ’\q-‘ Q(g uy {gla s ',gn’})
where n,n’ > 0, f,g € Pathsg and f;,g; € expry «(t,v,V). Now, suppose
F #pyne G. If A\§: Q f #runc AT : Q g, then it follows from Construction
5.14 that F(¢) #p G(©).
If \7: Q.f =runc AT : Q.g, then either:

3j € {1,---,n}V5' € {1,---,n'}A: Q.f; #runc A Q.g;/] or
3" €{1,- -, n'}Vj € {1, -+, n}[Aq: Q.f; #runc M: Q.g;].

Using the induction hypothesis, we can deduce that F(¢) # G(¢). .
Case 4: F,G € Fya(1,< l1 :v1,-++,ln : vy >, V). Then F = A\¢': Q.f and
G = )¢: Q.g, where:

1. fEPathso 0rf=<l1=f1,"',ln=fn>
2. gEPathso org=<l1=gl,"',ln=gn>

where f;,g; € expr;(r,v;,V). Now, suppose F #pync G. If f € Pathsy and
g € Pathsg, then it follows from the induction hypothesis that F(¢) #p G(¢).
ff=<b=f,Jpo=fa>andg=<Il1 =g, ,ln =gn >, then:

3j € {1,---,n}Aq: Q.9; #runc A Q.fj],
because otherwise:

G=runc A:Q.<h=g1,,ln=gn>
=ruNc A : Q. <l = fi,- ,ln=fa>=runc F.
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From the induction hypothesis, we can deduce that for some j in {1,---,n}:
9;ild\ & #p f;[a\ ¢].

Hence, F(¢) #p G(©).
If f € Pathsg and g =< 1; = g1, *,lp = gn >, then:

3j € {1,---,n}A7: Q.g; #runc AT: Q.(f1,)],
because otherwise:

G =runc /\(T!Q:-<ll =01,y dn=gn >
=puNc A§: Q. <l = fli, -+ ,ln = fl, >=pync F.

From Construction 5.14 we can deduce that for some j in {1,---,n}:
g;ld\ & #p f4[7\ 4.
Hence, F(¢) #p G(¢).

For f=<1l; = fi,-+,ln, = fn > and g € Pathsg, the proof is obtained in the
same way.

Case 5: F,G € Fyqi(r,pt. < ly : vy, -+l : vy, >, V), where t € FV(< Iy :
U1,y lp : Uy >). The same as case 4.

Case 6: F,G € Fis1(m,ut.a, V), where t € a. Then F = Ag: Qf and G = Aq:
Q.g, where

1. f € Pathsg or f = pz.folz1 \ fi, - ,Zn \ fal
2. g € Pathsg or g = py.go[y1 \ 91, "+, Yn' \ gn']

where fo, g0 € expr; (1,0, V), FV(fo) N Vary = {z1, -, zn}, FV(go) N Var, =
{v1,--syn'}, f; € Vary U ezpry(r,ut.a, V) and = ¢ BV(f;) for j € {1,---,n},
and g; € Var, U expry(7,pt.a,V) and y ¢ BV(g;) for j € {1,---,n'}. Now,
suppose F' #pyne G. If f € Pathsy and g € Pathsg, then it follows from the
induction hypothesis that F(¢) #p G(¢).

If f = pzfolza\fi, > Za\ fa] and g = 4y.90[41\G1, ***, Ynr\gu], then either there
is a bijection h from {1, --,n} to {1,---,n'}, such that fo[z\z, 21 \yra), - Za\
Yn(n)] =FUNC 9oy \ 2] or there is not such a bijection, where 2 is a fresh instance
variable. If there is such a bijection h, then:

3j € {1, n}AT: Q.fi[z \ 2] #runc AT Q.gn(ily \ 21],
because otherwise:
F =pync Aq: C—2‘_-‘(u~’v-fo[fl¢1 \fi, o2\ fal)
=runc A Q.(ny.go[y1 \ 91, ¥n \ 9n]) =Func G.

Let F; be A\q': Q.fj and G; be Aq': é.gj for j € {1,---,n}. Using the induction
hypothesis, we can deduce that F;(¢) #p Gy(;(€) for some jin {1,---,n}. Hence:
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F(¢) = pa.Fo(S)[z1 \ F1(€), -+, zn \ Fu(2)))
#0 1y-Go(A)[y1 \ G1(), -+, yn \ Ga()]) = G(O).
If there is not such a bijection h, then it follows from the induction hypothesis
that F(¢) #p G(c).
For both other combinations of f and g, we can deduce F(¢) #p G(¢) using
Construction 5.14. O

5.2.1 Decision procedure

We prove that, for every pair of types 7 and o, there is a decision procedure for
equality of functions in:

{Fi(r,v,V)|i € IN A (v,V) € comps(a,0)}.

The proof is an induction argument on :. Base step: ¢ = 0. The proof is an
induction argument.

Case 1: F,G € Fy(,t,V), where t € TypeVar. From the fact that the bodies of
F and G are instance variables we can deduce that equality of F' and G can be
tested effectively.

Case 2: F,G € Fy(1,0id, V). From the fact that the bodies of F' and G are paths
we can deduce that equality of F' and G can be tested effectively.

Case 3: F,G € Fy(r,integer,V). Then F and G are polynomials with integer
variables and coefficients. It follows from [35] that equality of F' and G can be
tested effectively by comparing the coefficients of their normal forms.

Case 4: F,G € Fy(r,rational, V). Then F and G are rational functions with
rational variables and coefficients. It follows from [35] that equality of F' and G
can be tested effectively by comparing the coefficients of their normal forms.
Case 5: F,G € Fy(r,string, V). Reversing Lemma 5.10 and using n = 2 gives us:

VEH,(F) = Hy(F)] = H, = H,.
Hence:
F=FUNCG¢>F:FUNCG¢>F‘EG~~

It follows that equality of F and G can be tested effectively by comparing their
normal forms.

Case 6: F,G € Fy(r,v,V), where v € Types — (TypeVar U BTypes). From the
fact that the bodies of F' and G are paths we can deduce that equality of F' and
G can be tested effectively.

Induction step: ¢ =3’ + 1. Case 1: F,G € Fy41(7,t,V), where t € TypeVar.
From the fact that F;41(7,t, V) = F; (¢, V) and the induction hypothesis we can
deduce that equality of F' and G can be tested effectively.

Case 2: F,G € F;yi41(7,B,V), where B € BTypes. The same as case 1.

Case 3: F,G € Fy41(7,{v},V). Then:
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1. F=)§: cz.(fu{fl,~-,fn})
2.G=X7:Q.(gU{g1, -, 9n})

where n,n' > 0, and f,g € Pathsy and fj,g; € expr;(r,v,V). It follows from
Lemma 5.15 that F =pyy¢ G if and only if:

L f=g
2. V_’] € {1, . -,n}EJj’ € {1, .. -,'n'}[/\tj': Q_‘f] =FUNC /\(T: Q.gj:] or
3. Vj' € {1, .. -,n’}EIj € {1, .. -,n}{)\(j': QfJ =FUNC /\(T: Q.gjl].

Using the induction hypothesis, we can deduce that equality of F' and G can be
tested effectively. .

Case 4: F,G € Fypi(r,< ly vy, -, lp : v >, V). Then F = A : Q.f and
G=)\]: Q.g, where:

1. f € Pathsgor f=<l, = f1,--+,l,
2. gEPathso org:(llzgh...’[n

=fn>

=gn >

where f;,g; € expry(r,v;,V). If f € Pathsy and g € Pathsg, then F =pyyc G
if and only if f = g, which can be tested effectively.
ff=<b="Ff,lh=fa>andg=<l =g, ,ln = gn >, then
F =pync G if and only if:

Vi€ {1, ---,n}A: Q-gj =FUNC A] : Q-fj]-

Using the induction hypothesis, we can deduce that equality of F and G can be
tested effectively.
If f € Pathsp and g=< 1, =¢1, - +,ln = gn >, then F =pyyc G if and only if:

Vi€ {1,-,n}Aq: Q.9 =runc AT: Q.(f.1;)].

Using the induction hypothesis, we can deduce that equality of F' and G can be
tested effectively.

For f =<1, = f1,--+,ln = fn > and g € Pathsg, the proof is obtained in the
same way.

Case 5: F,G € Fypi(rypt. <y t vy, +,lp vy >, V), where t ¢ FV(< [; :
V1, *yln : Un >). The same as case 4.

Case 6: F,G € Fyyq1(1,put.a, V), where t € a. Then F = A\q: Q.f and G = A\§:
Q.g, where

1. f € Pathsg or f = pz.folz1 \ fi, - Zn \ fn]
2. g € Pathsg or g = py.go[y1 \ 91, -, Yn' \ 9n'],

where fo, g0 € expr,(r,a,V), FV(fo) N Vary = {z1, -+, z,}, FV(g0) N Var, =
{y1,-- " yn}, f; € Vary U expry (7, put.a,V) and = ¢ BV(f;) for j € {1,---,n},
and g; € Var, U expr; (7, put.a, V) and y € BV (g;) for j € {1,---,n'}.
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If f € Pathsg, then F =pyyc G if and only if f = g, which can be tested
effectively.

If f=pz.fole1\ f1, -,z \ fa], then F =pync G if and only if g = py.go[y1 \
91, *,Yn' \ gn’] and there is a bijection h from {1,---,n} to {1,---,n'}, such that

Vi€ {l,-,n}AG: Q.filz \ 2l =runc AT: Q.gnily \ 2],

where 2 is a fresh type variable. Using the induction hypothesis, we can deduce
that equality of F' and G can be tested effectively.

The core of the decision procedure consists of normalisation of basic functions
and syntactic comparison of the normalised basic functions, which can both be
done in polynomial time.

In fact, we can normalise general functional forms by replacing every ba-
sic expression by its normal form and replacing every expression of the form
< ly=path.ly,- -, l,=path.l, > by path if 7.path = < l;:vy, -+, l,:v, > for some

(v1,--+,v,) and replacing every expression of the form pz. < ly=path.ly, -, l,=
path.l, > by path if T.path = pt. < ly:vy, -+, ly:v, > for some (vy, - -, v,), such
that t ¢ FV(< ly:v1, -+, v, >). After normalisation, we can test for equality

by syntactically comparing the normalised functional forms. Both normalisation
and syntactic comparison can be done in polynomial time. Hence, we can conclude
that testing for equality of functional forms is polynomial time decidable.



Chapter 6

Schema comparison

In this chapter, we want to compare schemas by their real world semantics. The
real world semantics of a schema is given by the sequence of states of the part
of the real world described by the schema. The attributes, formalised by types,
describe the states of real world objects and the update methods, formalised by
functions, describe the transitions between states. It follows that we can compare
classes by comparing types and functions ‘separately’. To compare classes, we
combine the subtype relation and the subfunction relation defined in the previous
chapters into a (synthetic) subclass relation.

A class is a subclass of another class if the underlying type of the first class is
a subtype of the underlying type of the second class and the functional forms of
the first class are subfunctions of the functional forms of the second class.

Definition 6.1 Let H be a well-defined class hierarchy and let C; and Cj be
classes in H. Then C is a subclass of Cy, denoted by C; <¢rass Co, if and only
if:

1. type(C1) 2rypE type(Cs)
2. Vfa € funcs(Cy) 3f1 € funes(Ch)[fi <%ync f2]
where funcs(C) = {func(C, meth) | meth € meths(C)}. O

An implicit assumption we make is that BC C Cons. The subclass relation com-
pares classes by the following characteristics: the structure of the objects in the
class extensions (subtype relation) and the way these objects are manipulated
(subfunction relation). These characteristics can be regarded as abstract seman-
tics, where classes are semantically equal if the objects in the class extensions have
the same structure and are manipulated in the same way. Since abstract seman-
tics are used to compare classes, rather than real world semantics, the subclass
order is called synthetic.

95
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In the remainder of this chapter, we extend the subclass relation in order
to cope with classes that have the same abstract semantics, except that their
attribute names are different. For that purpose, we define subclass morphisms
based on subtype morphisms.

6.1 Comparison of attributes

In this section, we introduce subtype morphisms. To define subtype morphisms,
we have to define type morphisms, faithfulness with respect to classes, and faith-
fulness with respect to attributes. definitions. A type morphism is a tree homo-
morphism between the trees representing the types.

Definition 6.2 Let 7, and 75 be types. A type morphism from 71 to 75 is a a
tree homomorphism from estruc(m) to estruc(ry). O

A type morphism between underlying types of classes is faithful with respect to
classes if it maps class names to class names.

Definition 6.3 Let H be a well-defined class hierarchy, C; and C; be classes in
H, and ¢ be a type morphism from type(C1) to type(Cs). Then ¢ is faithful w.r.t.
classes if and only if for every node n in estruc(type(C;)) the following holds:

label(n) € TypeVar = label(p(n)) € Type Var.

O

Example 6.4 Let Cp be class ‘Person’ and Cg be class ‘Employee’ in the class
hierarchy of Example 3.9. Then estruc(type(Cp)) is given by:

Simple
Addres:

house st cet ity

and estruc(type(CEg)) is given by:
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house street

c'ty couptry

O gy G e

Any type morphism from type(Cp) to type(Cg) that maps nodes labeled tp to
nodes labeled tg or tp and nodes labeled tg to nodes labeled t4 or tg is faithful
w.r.t. classes. O

A type morphism between underlying types of classes is faithful with respect to
attributes if it maps attribute names in one class to attributes names in another
class consistently.

Definition 6.5 Let H be a well-defined class hierarchy, C; and Cs be classes in
H, and ¢ be a type morphism from type(C;) to type(Cs). Then ¢ is faithful w.r.t.
attributes if and only if for every node n; in estruc(type(C;)) with outgoing arrow

71 and every node ny in estruc(type(Cy)) with outgoing arrow ry the following
holds:

(label(ny) = label(ny) € Type Var

A label(p(ny)) = label(p(nz))
A label(ry) = label(ry)) = label(p(r1)) = label(p(rs)).

]

Example 6.6 Let Cp be class ‘Person’ and Cg be class ‘Employee’ in the class
hierarchy of Example 3.9. The type morphism from type(Cp) to type(Cg) that
preserves labels, except class names, is faithful w.r.t. attributes. If all arrows
labeled ‘street’ are mapped to arrows labeled ‘city’, then the graph homomorphism
is still faithful w.r.t. attributes. However, if only one of the arrows labeled ‘street’
is mapped to an arrow labeled ‘city’, then the graph homomorphism is not faithful
any more. O
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Now we can define subtype morphisms between underlying types of classes.

Definition 6.7 Let H be a well-defined class hierarchy, C; and C; be classes in
H, and ¢ be a type morphism from type(C;) to type(Cy). Then ¢ is a subtype
morphism if and only if it:

1. is injective
2. preserves labels, except class names and attribute names
3. is faithful with respect to classes.

]

Example 6.8 Let Cp; be class ‘Personl’ and Cpjy be class ‘Person2’ of Example
3.10. Let ¢ be the graph homomorphism from struc(Cp;) to struc(Cpy) that
maps the node labeled ‘Personl’ to the node labeled ‘Person2’, maps the arrow
labeled ‘addr’ to the arrow labeled ‘address’, and preserves the labels of the other
nodes and arrows. Then ¢ is injective, maps the root to the root, maps labels to
themselves, except class names and attribute names, and is faithful w.r.t. classes
and attributes. O

Lemma 6.9 Let H be a well-defined class hierarchy. Let C; and C; be classes in
H. If type(C1) < rypE type(Cs), then there is a subtype morphism from type(C})
to type(Cs).

Proof. Suppose type(C1) <z type(Cy). According to Theorem 4.51 there is
an injective tree homomorphism from struc(type(Cs)) to struc(type(C1)) that
preserves labels. Using Lemma 4.36, we can conclude that there is an injective tree
homomorphism from estruc(type(C2)) to estruc(type(C1)) that preserves labels,
except class names, and is faithful w.r.t. classes. O

Lemma 6.10 If there exists a subtype morphism from type(C;) to type(C2),
then there exists a subtype morphism from type(C;) to type(Cs) that is faithful
w.r.t. attributes.

Proof. We proof this by structural induction.

Basic step: Let ¢ be a subtype morphism from type(B) to type(T). Then it
follows immediately that ¢ is faithful w.r.t. attributes.

Induction step for sets: Let ¢ be a subtype morphism from type({U}) to
type({U'}). By induction, there is a subtype morphism 3 from type(U) to type(U")
that is faithful w.r.t. attributes. Then 3 can be extended to a subtype from
type({U}) to type({U'}) that is faithful w.r.t. attributes.

Induction step for records: Let ¢ be a subtype morphism from type(< {; : U; |
i€l >)to type(< l; : U] | i € I' >). By induction, there are subtype morphisms
i from type(U;) to type(U!) that are faithful w.r.t. attributes. If estruc(type(C))
is a subtree of both estruc(type(U;)) and estruc(type(U;)), for some class C, and
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both ¢; and ¢; map estruc(type(C)) to the same estruc(type(C')) differently,
then choose one possibility to map estruc(type(C)) to estruc(type(C')) and adapt
the subtype morphisms accordingly. The resulting subtype morphisms can be
combined into a subtype morphism from type(< ; : U; | ¢ € I >) to type(< I; :
U!'|: € I' >) that is faithful w.r.t. attributes.

Induction step for classes: Let ¢ be a subtype morphism from type(C) to
type(C'), atts(C) be {a1 : T1, - -,ar : Tk}, and atts(C') be {a} : T{,---,a}, :
T}, } Then there are subtype morphisms ¢; from type(T;) to type(TJ',(i)), where
f(i) = j if ¢ maps attribute a; to attribute a}. Let estruc; be obtained from
estruc(type(T;)) by removing subtrees estruc(type(C)) whose image under ¢;
is estruc(type(C")) and estruc; be obtained from estruc(type(T};))) by remov-
ing subtrees estruc(type(C')) which are the images of estruc(type(C)) under ;.
By induction, the projection of ¢; onto estruc; and estruci, denoted by @; :
estruc; — estruci, is a subtype morphism that is faithful w.r.t. attributes.
Let estruc be obtained from estruc(type(C)) by replacing every estructype((T;))
by estruc; and estruc’ be obtained from estruc(type(C')) by replacing every
estruc(type(T}(i))) by estruc;;). As for set types, the subtype morphisms ¢;
can be combined into a subtype morphism 1 from estruc to estruc’ that is faith-
ful w.r.t. attributes. Finally, ¥ can be extended to a subtype morphism from
estruc(type(C)) to estruc(type(C')) that is faithful w.r.t. attributes by extending
estruc to estruc(type(C)), extending estruc’ to estruc(type(C')), and extending 1
accordingly. O

6.2 Comparison of methods

To define subclass morphisms, we have to define specialisations of functional forms
and generalisations of methods. The specialisation of a functional form of a
method is obtained by extending it to the type of a subclass.

Definition 6.11 Let H be a well-defined class hierarchy, C; and Cy be classes
in H, and ¢ be a subtype morphism from type(C;) to type(Cs). Furthermore,
let meth be a method in meths(C1), and F = Xobj:7AP.f be func(Cy, meth).
Functional form S,(F') is defined by:

Aobj:p(T)AP. S, (f, empty),
where empty denotes the empty path and:

S‘P(map) =z
if z € Var
Sw(l,p) =1
ifie L
S, (obj.label(ry). - - .label(ry,), p) = obj.label(¢(r1)). - - - .label(p(ry))
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if ry -+ -7, is a path in estruc(type(Cy))
S,(b,p) =b if b€ Cons
S<P(glgg2ap) = 's<p(91,P) 6 ‘stp(g2ap)
if e {+,—-,x,+}
Sp(gU{g1,- ", 9a},p) =
Sp(9,P) U{Sp(91,p- €), -+, Sp(gn,p- €)}
S<p(< h=g,"ln=gn >ap) =
< last(p(p.l1)) = Sp(91,p.l1), - -, last(@(p.ln)) = Sp(gn, p.ln) >
Sy (pz.e,p) = pz.Sy(e, p)

and last(l}.---.ll)=1,. 0
The generalisation of a method is obtained by projecting it on a superclass.

Definition 6.12 Let H be a well-defined class hierarchy, C; and C5 be classes in
H, and ¢ be a subtype morphism from type(C}) to type(Cs). Since ¢ is injective,
¢! is a partial tree homomorphism from estruc(type(Cs)) to estruc(type(Ci)).
Furthermore, let m(P) = E be a method in meths(C;). The generalisation of

body E, denoted by ¢~!(E), is defined as follows:

“HEr; Eg) = ¢ (E1) ; ¢ (Ee)
“H(d =) = o~ (d) := 97 (s)
~I(insert(s,d)) = insert(p1(s), p~1(d))
~1(b) =b if be BC
¢~ (p)=p
if p is the name of a parameter in P
¢~ (self) = self
@~ Y(label(ry). - - - label(ry,)) = label(¢~1(r1)). - - - .label(p ™1 (ry))
if ry -7, is a path in estruc(type(Cs))
and, for every i € {1,---,n}, p~1(r;) exists
@~ Y(label(ry). - - - .label(ry)) = L
if 7y -+ 7, is a path in estruc(type(Cs))
and, for some i € {1,---,n}, ¢~!(r;) does not exist
¢~ (e10e2) = 9 (e1)0p™ ! (e2).

Finally, the generalisation of m(P) = E, denoted by ¢~}(m(P) = E), is defined
as:

®
@
7
@

m(P) = E,
where E is obtained from ¢~!(E) by

1. removing any assignment d := s, such that d contains L or s contains L or
d := s is not well-defined in C;



6.2. COMPARISON OF METHODS 101

2. removing any assignment insert(s, d), such that s contains L or d contains
1 or insert(s, d) is not well-defined in C;

and P is obtained from P by removing parameters that do not occur in E. O

Example 6.13 Let Cp; be class ‘Personl’ and Cpy be class ‘Person2’ of 3.10.
Let ¢ be the subtype morphism from type(Cp;) to type(Cpz) that maps at-
tribute ‘addr’ to attribute ‘address’. Then ¢~!(address.house) = addr.house and
¢~ !(address.street) = addr.street exist, but ¢~ (address.city) does not exist. Let
meth,; be method ‘change addr’ in class ‘Personl’ and methy be method ‘move’
in class ‘Person2’. The generalisation of method ‘move’ in class ‘Personl’ is given

by:

o~ (meth) =
move (h:integer,s:string) = addr.house := h; addr.street := s.

o

Now, we can define subclass morphisms based on subtype morphisms and gener-
alisations of functional forms.

Definition 6.14 Let H be a well-defined class hierarchy, C; and C; be classes
in H, ¢ be a type morphism from type(C1) to type(Csy), and ¥ be a function from
funes(Ch) to funcs(Cy), where

funes(C) = {func(C, meth) | meth € meths(C)}.

The pair (g, ) is a subclass morphism from C; to Cs if and only if:
1. ¢ is a subtype morphism
2. V1 € funes(C)[¥(f) <¥uwe Se(H)]

Cl

There is an alternative, slightly different, definition of subclass morphisms based
on subtype morphisms and generalisations of methods.

Definition 6.15 Let H be a well-defined class hierarchy, C; and C; be classes
in H, ¢ be a type morphism from type(Cy) to type(Cs), and 9 be a function from
meths(C1) to meths(Cs). The pair (¢, ) is a subclass morphism from C; to Cy
if and only if:

1. ¢ is a subtype morphism
2. Vmeth € meths(Cy)[func(Cy, ¢~ (¢(meth))) =%y nc func(Ci, meth)].
O
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To eliminate the difference between the two definitions of subclass morphism, we
introduce specialised methods. A method is a specialised method if its functional
form is a subfunction of the functional form of its generalisation.

Definition 6.16 Let H be a well-defined class hierarchy, C; and Cy be classes in
H, ¢ be a subtype morphism from type(C}) to type(C2), and meth be a method
in meths(C2). Then meth is a specialised method according to ¢, denoted by
spec(meth, ¢), if and only if:

func(Ca, meth) <Pyne So(func(Cr, ¢~ (meth))).
|

The difference between the two definitions of subclass morphism is eliminated if
we require that all methods are specialised methods.

Lemma 6.17 Let H be a well-defined class hierarchy, C; and Cjy be classes in
H, ¢ be a type morphism from type(C;) to type(Cy), and ¢ be a function from
meths(Cy) to meths(Cy). Suppose:

Vmeth € meths(C1)[spec(y(meth), p)].
Then:

Vmeth € meths(Cy)[func(Ca, ¥ (meth) <pync So(func(Ci, meth))] &
Vmeth € meths(C1)[func(Cy, ¢~ (¢¥(meth))) =%ync func(C1, meth)].

Proof. = follows from the assumption, Definition 5.7, and Definition 6.11; <
follows directly from the assumption. O

Finally, we extend the synthetic subclass relation with attribute renaming.

Definition 6.18 Let H be a well-defined class hierarchy and let C; and Cy be
classes in H. Then C) is a weak subclass of Cy, denoted by C; =% 455 C2, if
and only if there is a subclass morphism from Cy to C;. O

Note that a subclass morphism goes from superclass to subclass. The weak sub-
class relation is implied by the original subclass relation.

Lemma 6.19 Let H be a well-defined class hierarchy and let C; and Cy be
classes in H. Then:

C1 Zcrass Ca = C1 2% pass Co-

Proof. The lemma follows from Definition 6.1, Lemma 6.9, and the fact that the
subtype morphism of Lemma 6.9 preserves attribute names. O

The weak subclass relation is a pre-order.
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Lemma 6.20 The weak subclass relation is reflexive and transitive.

Proof. To proof reflexivity, let C be a class. The pair (¢,v), where ¢ is the
identity homomorphism from estruc(type(C)) to estruc(type(C)) and 7 is the
identity function on funcs(C), is a subclass morphism. Hence, C <%, 455 C. To
proof transitivity, let C;, Cy, and Cj3 be classes, such that C; <% 455 C2 and
Cy =%.45s C3. Then there exists a subclass morphism (¢1,%1) from C; to Cy
and a subclass morphism from (3, 1) from C3 to Cy. But then (1 02,91 093)
is a subclass morphism from Cj3 to Cj, because function composition preserves
the defining properties of subtype morphisms. Hence, C1 2% 455 C3. O

The weak subclass relation is decidable, but has high complexity [27].

Theorem 6.21 The weak subclass relation is NP-complete.
Proof. The theorem is proven in Appendix A. O

We conclude this chapter with an example.

Example 6.22 The following well-defined class hierarchy is a part of the defini-
tion of drawing tool A:

Class Square
Attributes
x left_up:integer
y_left_up:integer
width:integer
Methods
set (x:integer, y:integer) =
x left up := x; y left up :=y
translate (delta x:integer, delta y:integer) =
x left_up := x_left up + delta_x;
y left up := y_left up + delta_y
Endclass.

The following well-defined class hierarchy is a part of the definition of drawing
tool B:

Class Rectangle
Attributes
x left up:integer
y_left up:integer
width x:integer
width y:integer
Methods
set (x:integer, y:integer) =
x left up := x; y left_up :=y
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translate (delta x:integer, delta y:integer) =
x left up := x_left_up + delta x;
y left up := y left up + delta_y

rotate = y left_up := y left up + width x;
width x := width_y — width x;
width_y := width_y — width x;
width x := width x + width_y

Endclass.

The designer has chosen to model squares by the coordinates of the left upper
corner and the width, and rectangles by the coordinates of the left upper corner
and the width in both directions. Let Cg be class ‘Square’ and Cg be class
‘Rectangle’. According to the synthetic subclass relation we have that Cr <'¢; 455
Cs. This does not mean that every rectangle is a square; it only means that
every description of a rectangle, as given by the designer, can be regarded as a
description of a square (viz., by neglecting the width in one of the two directions).
The fact that, in the real world, not every rectangle is a square indicates that the
descriptions of squares and rectangles are not complete. Indeed, if we add a
method to ‘Square’ that computes the area of a square and we add a method to
‘Rectangle’ that computes the area of a rectangle, then we no longer have that
Cr 2%rass Cs, because the methods are different. O



Chapter 7

Schema integration

In this chapter, we want to integrate schemas by their real world semantics.
The attributes, formalised by types, describe the states of real world objects and
the update methods, formalised by functions, describe the transitions between
states. It follows that we can integrate classes by integrating types and functions
separately, To integrate classes, we combine the join operator for underlying types
(w.r.t. the subtype relation) and the join operator for functional forms (w.r.t. the
subfunction relation) into a join operator for classes (w.r.t. the subclass relation).

More precisely, the join of class C; and class Cy denoted by C; U Cs, is given
by class C, such that:

1. type(C) is the join of type(C1) and type(Cs) w.r.t. <7ypg
2. funcs(C) = {f | 3f1 € funcs(C1)3f2 € funcs(Cs)
lgen(f1, type(C)) =Fync f =Func gen(f2, type(C))]}-

In the remainder of this chapter, we adapt this join operator to a join operator
w.r.t. the weak subclass relation of the previous section. For that purpose, we
define integration mappings, attribute joins, and method joins. Furthermore, we
show that the integration operator w.r.t. the weak subclass relation can be used
to integrate class hierarchies.

7.1 Integration of attributes

In this section, attribute joins are defined in terms of type joins according to an
integration mapping, i.e., a set of attribute mappings. An attribute mapping is a
partial function between attribute sets.

Definition 7.1 Let H = {C4,---,C,} be a well-defined class hierarchy and, for
every 1 € I = {1,---,n}, let ¢; be name(C;), and A; be atts(C;). Furthermore,

105
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let ® = {¢;; : A; > A;}ijer be a set of partial, injective functions, one for every
1,7 € I. Then ® is an integration mapping for H if and only if

1. Vi e I[(p,',i = idAi]
2. Vi, j,k € I Vx € dom(p; ;)Vy € dom(pjx)Vz € range(p; )
[(pij(z) =y A pj(y) = 2) = pir(z) = 2],

where dom(f) denotes the domain of a function f and range(f) denotes the range
of a function f. The set of all integration mappings for H is denoted by IMaps .
O

An integration mapping for class hierarchy H can be regarded as an integration
description, describing for every class C; € H and every class C; € H, how the
attributes of C correspond to the attributes of class Cy. The join of a number of
attribute sets according to an integration mapping is obtained by renaming the
corresponding attributes and joining the corresponding types.

Definition 7.2 Let C N(H) be the set of class namesin H, v : p(CN(H)) — CN
be an injective name-giving function for joins of classes, such that v({c}) = ¢
for every ¢ € CN(H), AN(H) be the set of attribute names in H, and a :
p(CN(H) x AN(H)) — AN be an injective name-giving function for joins of
attributes, such that a({(c,a)}) = a for every (c,a) € CN(H) x AN(H). Fur-
thermore, let {C;,,---,C; } be a subset of H and ® be an integration mapping
for H. The join of {A;,,--, A;,} according to ® is defined as follows:

Uq)({Ail’ T Aip}) a {a({(cilval); Y (Cip,ap)}) ¥ T1 .- Tp l
(P(ihiz)(al :T1) = ap : ToA

‘P(ip_l,ip)(ap—l 1 Tp-1) = ap : THA
Tyu---uT, #1}

where the type joins are given by (cf. [13]):
1L T, i eCN: TUuT' = V({Ci}iEJUJ’) if T= U({Ci}iEJ) and T = V({ci}ie.l’)

2. T,T'" € {integer, rational,string}: TUT' =T if T =T',and TUT' = L
otherwise

3.7T={U},T'={U'}: TUT' = {UUU'}#fUUU' # L,and TUT' = L

otherwise

4. T=<:U;|ieI>T'=<;:Ul|iel >
TUT' =<1; : U;ul} |i € INJ'AU;UU; # L>if 3 e INJ'[U;uU] # 1],
and TUT' = L otherwise

5. otherwise: TUT' = L.
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O

Note that the attribute join is computable. Finally, the joined attribute hierarchy
according to an integration mapping is obtained by joining the attribute sets for
every pair of classes.

Definition 7.3 Let H be a well-defined class hierarchy as in Definition 7.1, H be
the same class hierarchy with methods removed and @ be an integration mapping
for H. The pre-join hierarchy of H according to ®, denoted by Hg, is defined by:

He = {Cij}ijer-
where Gsj) = (“({ei, 5}), 0, Us({4:, 4;}), 0). ©
Example 7.4 Fori € I:

Ciiy = (ci, 0, A;, 0)
because of the constraints on v, a, and ®. O

Lemma 7.5 Let H be a well-defined class hierarchy as in Definition 7.1 and &
be an integration mapping for H. For every i € I, and j € I:

Clisi) Z6rass Clig)-
Proof. The lemma follows from the fact that ¢; ; and « induce a subtype mor-
phism ¢ from type(é(i,j)) to type(é’(i’i)) =p type(C;) as follows: if a; : T} € A;,
ag : Ty € Aj, pijlar : Th) = ay : Ty, and T} UT; #1, then ¢ maps the arrow
labeled a({(c;, a1), (¢j,az2)}) to the arrow labeled a; and tree estruc(type(TyUT3))
to tree estruc(type(7y)). O

7.2 Integration of methods

In this section, method joins and pre-joins of classes are defined. To define method
joins, we have to define generalisations of method sets.

Definition 7.6 Let H be a class hierarchy as in Definition 7.1, C; and C; be
classes in H, M; be meths(C;), and M; be meths(C;). Furthermore, let ® be an
integration mapping for H, C(; ;) be (v({ci,cj}),0,Us({Ai, 4;}),0), ¥i; be the
subtype morphism from type(Cy; jy) to type(C;) induced by ¢; ; and «, and ; ;
be the subtype morphism from type(C(; ;)) to type(C;) induced by ¢;; and a.
The gexzeralisation of M; in C’(i’j), denoted by t/;f,jl(Mi) and the generalisation of
M; in C; j), denoted by 1/);1.1(Mj), are defined by:

w;]-l(Mi) = {wi_’jl(meth) | meth € M; A spec(meth,; ;)}

v HM;) = {1[);}(meth) | meth € M; A spec(meth,;;)}.

Jsi
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O

The join of a pair of method sets according to an integration mapping is obtained
by combining the generalisations of the method sets.

Definition 7.7 Let CN(H) be the set of class names in H, MN(H) be the
set of method names in H, and p: p(CN(H) x MN(H)) - CN(H) x MN(H)
be an injective choice function for joins of methods, such that u(V) € V for
every V € CN(H) x MN(H). Furthermore, let C; and C; be classes in H, M; be
meths(C;), M; be meths(C;), v; ; and 1; ; be as defined in the previous definition,
and

Cijy = (W({ei, 1), 0, Us({Ai, A;}), ¥ (M5))
Ciiiy = (W({eir &), 0, Us({Ai, Aj}), %5, (M;)).

The join of M; and M; according to ®, denoted by M;Lig M, is defined as follows:

M; Ug M; = {meth | mi(P;) = E; € ¥, ; (M;) Am;(P;) = E; € v }(M;)A
fune(Ci 5y, mi(P;) = E;) =%ync func(Cji), mi(Py) = E;)A
(r({(eiy mi), (cj,my)}) = (ci,m;) = meth = m;(P;)=E;)A
(u({(ei, mi), (cj,my)}) = (¢j, m;) = meth = m;(P;)=Ej;)}.

]

Lemma 7.8 The method join is computable.

Proof. The definition gives a procedure to construct method joins, because the
generalisation of a method is computable, spec is decidable, and =%y is decid-
able. O

Finally, we define the pre-join of a pair of classes according to an integration
mapping in terms of the attribute join and the method join.

Definition 7.9 Let H = {C},---,C,} be a well-defined class hierarchy and, for
every ¢ € {1,---,n}, let ¢; be name(C;), A; be atts(C;), and M; be meths(C;).
Furthermore, let ® be an integration mapping for H. The join of C; and C;
according to ®, denoted by C; Ug Cj, is defined as follows:

CiUs Cj = (v({ci, 1), 0, Us({4i, A;}), Mi Us M;).

a

7.3 Integration of class hierarchies

In this section, pre-join hierarchies and join hierarchies are defined. A pre-join
hierarchy is a possible combination of pre-joins, one pre-join for every pair of
classes.
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Definition 7.10 Let H be a well-defined class hierarchy. The set of pre-join
hierarchies of H, denoted by prejoins(H ), is defined by:

prejoins(H) = {Hg | ® € IMapsy}
where Hg Z{Cl Ug Cy |Cy € HAC, EH}. O

To define join hierarchies, we have to define a specialisation relation on pre-join
hierarchies.

Definition 7.11 Let H be a well-defined class hierarchy. Furthermore, let H;
and Hj be hierarchies in prejoins(H). Then H; is a specialisation of Hs, denoted
by H, <p H, if and only if:

VC, € HYCy € H 3D, € H, 3D, € H,
[name(D;) = name(D3) = v({name(C1), name(Cs)}) A D1 =%, 455 D2].

O
A join hierarchy of a class hierarchy is a most specialised pre-join hierarchy.

Definition 7.12 Let H be a well-defined class hierarchy. The set of join hierar-
chies of H, denoted by joins(H) is defined as:

joins(H) = {H; € prejoins(H) |
VH, € prejoins(H)[Hy <g Hy = H, <g Hs]}.

O

Note that every join hierarchy is a possible combination of joins, one join for every
pair of classes. Finally, the set of joins of a pair of classes is defined as the set of
pre-joins that occur in the join hierarchies.

Definition 7.13 Let H be a well-defined class hierarchy. Furthermore, let C;
and C, be classes in H. The set of joins of C; and Csy, denoted by joins(Cy, Cs)
is given by:

joins(Cy,C2) = {C € H' | H' € joins(H) A name(C) = v({c1,c2})}.

O

Theorem 7.14 The set of join hierarchies is computable.

Proof. Since IMapsy is finite and, Hg is computable for any ® € IMaps g,
prejoins(H) is computable. Furthermore, <p is decidable, because =% 45 is
decidable. Hence, joins(H) is computable. O
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7.4 Application

Every element of joins(C,Cy) defines a superclass that can be used to factorise
and integrate C; and Cy. However, two pairs of classes should never be factorised
into superclasses in isolation, because, otherwise, it could be that there is no join
hierarchy that contains both superclasses. Therefore, if a two superclasses are
chosen, then there should be a join hierarchy that contains both superclasses.

Example 7.15 The following class hierarchy is an extension of the first class
hierarchy of Example 6.22.

Class Square
Attributes
x_left_up:integer
y_left_up:integer
width:integer
Methods
set (x:integer, y:integer) =
x left up := x; y left up :=y
translate (delta x:integer, delta y:integer) =
x left up := x left up + delta x;
y left up := y left up + delta_y
Endclass
Class SFigure
Attributes
name:string
first:Square
second:Square
Methods
copyl = first := second
copy2 = second := first
Endclass.

The following class hierarchy is an extension of the second class hierarchy of
Example 6.22:

Class Rectangle
Attributes
x_left_up:integer
y left_up:integer
width x:integer
width y:integer
Methods
set (x:integer, y:integer) =
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x left up := x; y left up :=y
translate (delta x:integer, delta y:integer) =
x_ left_up := x_ left_up + delta x;
y left up := y left up + delta y
rotate = y_left_up := y_left_up + width x;
width x := width_y — width x;
width y := width y — width x;
width x := width x + width_y
Endclass
Class RFigure
Attributes
code:integer
left:Rectangle
right:Rectangle
Methods
r copy = right := left
1 copy = left := right
Endclass.

Let Cg be class ‘Square’ and Cg be class ‘Rectangle’. If C is a class in joins(Cg, Cg),
then C belongs to Hg for some Hg € joins(H) and, hence, C is given by an in-
jective mapping from atts(Cg) to atts(Cg) that maps ‘x left up’ to ‘x left up’
or ‘yleft up’, ‘yleft_ up’ to ‘yleft up’ or ‘x_left_up’, and ‘width’ to ‘width x’ or
‘width_y’ (other mappings lead to join classes with fewer methods). The designer
will probably choose to map ‘x left up’ to ‘x left up’ and ‘y left up’ to ‘y left up’.
In that case, there are two possibilities to factorise ‘Square’ and ‘Rectangle’. If
‘width’ is mapped to ‘width x’, then the join of ‘Square’ and ‘Rectangle’ is ‘Square’
itself and ‘Rectangle’ can be factorised as follows:

Class Rectangle Isa Square
Attributes
width y:integer
Methods
rotate = y left up := y left up + width;
width := width_y — width;
width y := width_y — width;
width := width + width y
Endclass.

Note that attribute ‘width x’ has been renamed to ‘width’. If ‘width’ is mapped
to ‘width y’, then the join of ‘Square’ and ‘Rectangle’ is ‘Square’ again and ‘Rect-
angle’ can be factorised as follows:

Class Rectangle Isa Square
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Attributes
width x:integer
Methods
rotate = y left up := y left up + width x;
width x := width — width x;
width := width — width x;
width x := width x + width
Endclass.

Let Csp be class ‘SFigure’ and Cgrp be class ‘RFigure’. If C is a class in
joins(Csp,Crr), then C is given by an injective mapping from atts(Cgr) to
atts(Crr) that maps ‘first’ to ‘left’ or ‘right’, and ‘second’ to ‘left’ or ‘right’ (other
mappings lead to join classes with fewer methods). For both mappings, the join
of ‘SFigure’ and ‘Rfigure’ is the same. So there is (up to attribute renaming) only
one possibility to factorise ‘SFigure’ and ‘RFigure’:

Class SFigure Isa Figure
Attributes
name:string
Endclass
Class RFigure Isa Figure
Attributes
code:integer
first:Rectangle
second:Rectangle
Endclass
Class Figure
Attributes
first:Square
second:Square
Methods
copyl = first:=second
copy2 = second:=first
Endclass.

where ‘Figure’ is the join of ‘SFigure’ and ‘RFigure’. O

In the next part, we will extend our approach with schema transformations and
syntactic properties of methods.
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Chapter 8

Extended database schemas

In this part, we extend the approach developed in Part I using transformations on
classes and syntactic properties of methods. We consider classes with attributes,
constraints, update methods, and query methods. Recall that attributes corre-
spond to structural and update methods to behavioural properties of real world
objects. The constraints of a class instance correspond to structural properties
of real world objects that are the same for all objects. The query methods of a
class correspond to structural properties of real world objects that can be derived
from other structural properties. The distinction between attributes and query
methods that define derived attributes is useful, because equivalence of ordinary
attributes is decidable, whereas equivalence of derived attributes is not.

Recall that our formalisation of attributes and update methods is similar to
the approach of TM/FM [4]. We repeat this for constraints and query methods.
Every constraint is formalised as a logical formula, the interpretation of which is
a function from the powerset of the set of instances to the domain of the booleans,
and every query method is formalised as a lambda expression, the interpretation
of which is a function from the set of instances and the domains of the parameters
to the corresponding codomain.

In the remainder of this chapter, we extend class hierarchies with simple static
constraints (viz., keys), relax the inheritance mechanism for attributes, and ex-
tend the formalisation in terms of underlying types, underlying constraints, and
functional forms.

8.1 Syntax

In this section, we introduce extended database schemas, consisting of classes with
attributes, keys, update methods, and query methods.
A key consists of a sequence of attribute names and attribute selections. It
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defines a constraint on the extensions of a class, saying that objects that have the
same values for the key attributes must be the same ([62]). A query method has a
name, a possibly empty list of parameters, a result, and a body, which consists of
assignments to the result. An assignment can be a simple assignment, a method
call, or the creation of an object. The result of a method can be used by other
methods.

Definition 8.1 Extended class hierarchies are the sentences of the following
BNF-grammar:

Hierarchy = Class™
Class e ‘Class’ CN [ ‘Isa’ CN* ]
[ ‘Attributes’ Att™ |
[ ‘Constraints’ Key™ |
[ ‘Methods’ Meth™ |
‘Endclass’
Att = AN ¢ Type
Type f= BasicType | SetType | RecordType | CN
BasicType 2= ‘integer’ | ‘rational’ | ‘string’
SetType = {’ Type ‘}’
RecordType ::= ‘<’ FieldList ‘>’
FieldList = Field | Field ,” FieldList
Field = L " Type
Key = ‘key’ Dest™
Dest = AN | Dest ¢’ L
Meth = UpMeth | QueMeth
UpMeth = MN ‘(’ [ ParList | ©) =" UpAsnList
ParList = Par | Par ¢, ParList
Par = L ‘> BasicType
UpAsnList = UpAssign | UpAssign ‘;> UpAsnList
UpAssign = UpDest “:=’ UpSource |
‘insert(’ UpSource ‘,” UpDest ‘)’
UpDest = Dest
UpSource = Source | Object ‘.” MN ‘(’ [ ActParList | )’
Source 5= Term | Term ‘+’ Source | Term ‘—’ Source |
Term ‘x’ Source | Term ‘+’ Source
Term = BC | ‘self’ | Path
Path = L | AN | Path ‘.’ L | Path ‘" AN
Object = ‘self’ | Path
ActParList th= Source | Source ¢,” ActParList
QueMeth = MN ¢(’ [ ParList | ‘=’ Result ‘) =" QueAsnList
Result = L ¢’ Type

QueAsnList = QueAssign | QueAssign ‘;’ QueAsnList



8.2. INHERITANCE OF ATTRIBUTES ‘ 117

QueAssign = QueDest :=’ QueSource |

‘insert(’ QueSource ‘,” QueDest ‘)’
QueDest = L|L*“ QueDest
QueSource = Source | ‘new(’ CN ‘> NewParList ‘)’
NewParList = NewPar | NewPar ¢’ NewParList
NewPar EE— AN ‘=’ UpSource | AN ‘= nself’

O

A class hierarchy is well-defined if it satisfies four conditions. The first condition is
that class names are unique within the hierarchy, and classes only refer to classes
in the hierarchy, and the Isa relation is acyclic. The second is that attribute
names are unique within their class, attributes are well-typed, and inherited at-
tributes are a specialisation of the corresponding attribute in the superclass. The
third is that keys are well-defined (see section on underlying constraints). The
fourth is that method names are unique within their class, methods are well-
typed, methods are not recursive (direct or indirect), and inherited methods are
a specialisation of the corresponding method in the superclass (see section on
inheritance of methods).

8.2 Inheritance of attributes
In this subsection, we describe how attributes are inherited.

Example 8.2 The following class hierarchy introduces a class ‘Person’ and a
class ‘Employee’, which specialises inherited attribute ‘holiday address’ and adds
attributes ‘company’ and ‘salary’:

Class Person
Attributes
name : string
mother : Person
address : SimpleAddress
holiday address : SimpleAddress
Endclass
Class Employee Isa Person
Attributes
holiday address : Address
company : string
salary : integer
Endclass.
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In definitions, every class is abbreviated to a 5-tuple C = (¢, S, A, K, M), where
c is the name of the class, S is the set of names of its superclasses, A is the set
of its new attributes, K is the set of its new keys, and M is the set of its new
methods. The set of names of the superclasses of (abbreviated) class C' is denoted
by sup names(C). Furthermore, every class hierarchy is abbreviated to a set that
contains the abbreviations of the classes in the hierarchy.

In general, object-oriented data models allow multiple inheritance, which means
that a class can inherit attributes from more than one superclass. The mechanism
defining how attributes are inherited imposes restrictions on multiple inheritance.
If the inheritance mechanism is simple, as is the case in Chapter 3, then the
restriction on multiple inheritance is severe.

Example 8.3 Let H be an abbreviated class hierarchy and C = (¢, S, A, K, M)
be a class in H. According to the inheritance mechanism of Chapter 3, class
‘Assistant’ in the following class hierarchy has two different attributes with name
‘address’:

Class Student
Attributes

name : string

address : <house:integer, street:string,city:string>
Endclass
Class Employee
Attributes

name : string

address : <house:integer,zip:integer>
Endclass
Class Assistant Isa Student Employee
Endclass.

Since we require that attribute names must be unique, the class hierarchy is not
well-defined. O

If we use the inheritance mechanism of Chapter 3, then a necessary condition for
class hierarchies to be well-defined is that inherited attributes with the same name
must have the same type or must be redefined as a specialisation. Since we want
to relax this restriction, we introduce a more complex inheritance mechanism that
uses a meet operator on types to combine the different types in the superclasses.

Definition 8.4 Let H be a class hierarchy that satisfies the first condition for
well-defined class hierarchies and C' = (¢, S, A, K, M) be a class in H. The set of
all attributes of C, denoted by atts(C), is defined as:

atts(C) = AU{a: T | inherits(a) AT = N{T" | inherits(a, T')}A
Va': T' € Ala # d']},
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where

inherits(a,T") =
3C' € H [(name(C), name(C")) € isa(H) A a:T" € atts(C')]
inherits(a) =

3C' € H 3a':T" € atts(C') [(name(C), name(C")) € isa(H) A a = a']
and meet operator M is defined as follows (cf. [13]):
1. T,T" € CN,T = name(D;),T' = name(D,):
(@) TNT' =T fT="T,

(b) TNT'is a new class name corresponding to class:

(d,0,{a;1 : Ty € atts(Dy) | Vay : Tz € atts(Dz)[a1 # az2]}

U {ag : T € atts(Ds) | Va; : T1 € atts(D;)[a1 # a2}
U{b:U |3ay : Ty € atts(Dy)3ay : T € atts(Dy)

[b=a1 =aa AU =T HT2]},®),

where ' NTy =dif i =TAT, =T or Ty =T' AT, =T,

if Vai : T7 € atts(Dl)Vaz 1Ty € atts(Dg)[al =ay=>TiNT, :/2 _L]
(c) 1 NTy, = L otherwise

2. T,T' € {integer, rational,string}: TNT' =T f T =T and TNT' = L
otherwise

3.T={U},T"={U'}: TNT={UNM}f UNUV# LandTNT"' = 1
otherwise

4. T=<l;:U;|tel>T =<;:Ul|tel >:

(a) TNT' =<1;: U |
GFelI-T'ANU=U;)V
(fel' —-IANU=U})V
(GeINIANU=UNU}) >
fvielInI'lU;nU] # 1]

(b) TNT'= L otherwise
5. otherwise: TUT' = L.

Since M is commutative and associative (modulo class renaming), M{Ty,---, T}
=T, MN---MNT, is well-defined. O

It follows that, in the case of single inheritance, an attribute that is well-typed in
class C is also well-typed in every subclass of C. Since we will use the inheritance
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mechanism of Definition 8.4 and we do not allow general redefinition of attributes,
a necessary condition for class hierarchies to be well-defined is that inherited
attributes with the same name must have a meet, because L ¢ WTypes.

Example 8.5 Let H be the class hierarchy of Example 8.3. Let Cg be class
‘Student’, Cg be class ‘Employee’, and C4 be class ‘Assistant’. According to the
inheritance mechanism of Definition 8.4, the attributes of class ‘Student’, class
‘Employee’, and class ‘Assistant’ are given by:

atts(Cg) = {name:string, address: <house:integer, street:string, city:string>}

atts(Cg) = {name:string, address: <house:integer, zip:integer>}

atts(C4) = {name:string, address:<house:integer, street:string, city:string,
zip:integer>}.

Hence, attributes have a unique name within their class and are well-typed. It
follows that H is well-defined. O

Every class in an extended class hierarchy has an underlying type. The definition
of underlying types is the same as Definition 3.5 in Chapter 3.

8.3 Underlying constraints

In this subsection, we define underlying constraints of classes and class extensions.

Example 8.6 The following class hierarchy introduces a class ‘Person’ with key
‘name’:

Class Person
Attributes
name : string
mother : Person
address : SimpleAddress
holiday address : SimpleAddress
Constraints
key name
Endclass.

O
The set of all keys of a class consists of both the new and inherited keys.

Definition 8.7 Let H be a class hierarchy that satisfies' the first condition for
well-defined class hierarchies and C' = (¢, S, A, K, M) be a class in H. The set of
all keys of C' is defined as:

keys(C) = KU {r | 3C' € H [(name(C), name(C")) € 1sa(H) A p€ keys(C")]}.
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A key key p; -+ - pp in keys(C) is well-defined if every p; is the labeling of a path
in struc(type(C)), starting at the root. O

It follows that a key that is well-defined in class C is also well-defined in every
subclass of C.

Every class in an extended class hierarchy has an underlying constraint, i.e.,
a predicate that has to be satisfied by the extensions of the class. More precisely,
an extension of a class is a set of objects of its underlying type that satisfies the
underlying constraint. An underlying constraint is a constraint on objects of the
same class, not on objects of different classes. Constraints on objects of different
classes can be combined into an underlying constraint for the class hierarchy, i.e.,
a predicate that has to be satisfied by the extensions of the class hierarchy. More
precisely, an extension of a class hierarchy is a combination of class extensions,
one for every class in the hierarchy, that satisfies the underlying constraint of the
class hierarchy. However, extensions of class hierarchies are not considered in this
thesis. For more details, see [4] and [5].

The underlying constraint of a class is the conjunction of identifier uniqueness,
partial referential integrity, i.e., referential integrity within the same class, and
key uniqueness.

Definition 8.8 Let H be a class hierarchy that satisfies the first and second
condition for well-defined class hierarchies and C be a class in H. The set of
extensions of class C is defined as:

exts(C) = {e C ext(type(C)) | constraint(C,e)},
where constraint(C, e) is defined as the conjunction of
1. identifier uniqueness: Vz € e Vy € e [z.1d = y.id = & Z7prM Y]

2. partial referential integrity: a conjunction of formulas, one formula Vz €
e[refint(z.ly,ls. - - .1y, 0)] for every path Iy - - - I, name(C) in paths(type(C))

3. key uniqueness: one formula for every key key p; - - - p,, in keys(C):
Vz € eVy€e(z.p1 ZrERM Y-P1 A+ AT.Pn ZTERM Y-Pn) = T ZTERM Y]

and

paths(t) = {t} ifte CN
paths(B) = {B} if B € BTypes
paths({v}) = {€ .p | p € paths(v)}
paths(< 1y 1 vy, o 1y v >) =
{li.p | p € paths(v1)} U---U{l,.p| p € paths(v,)}
paths(ut.a) = paths(a)

and
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refint(p, empty,i) = Iy € e [p Z1ERM Y]

refint(p,l,1) = 3y € e [p.l ZrERM Y]

refint(p, €,1) = Vziy1 € p Iy € e [ziy1 XTERM Y]

refint(p,l.q,t) = refint(p.l, q,7)

refint(p, € .q,1) = Vz;41 € p refint(zit1,q,i+ 1).
O

Note that every occurrence of name(C') in atts(C) uniquely corresponds to a path
p.name(C) in paths(type(C)).

Example 8.9 Let C be the following class:

Class Person
Attributes

name : string

teachers : {<name:string,children:{Person} >}
Endclass.

The partial referential integrity formula for C is given by:

Vx € e[refint(z.teachers, € .children. €,0)] =
Vz € e[Vz; € z.teachers Vzy € z;.children 3y € e[zy Zrpry Y]]

O

8.4 Inheritance of methods

In this subsection, we describe how methods are inherited. Furthermore, we
redefine well-typed methods, functional forms of methods, equality of functional
forms, and the subfunction relation on functional forms.

Example 8.10 The following class hierarchy introduces a class ‘Person’ with an
update method ‘stay’ and a query method ‘age’:

Class Person
Attributes
name : string
dob : <d:integer,m:string,y:integer>
mother : Person
address : SimpleAddress
holiday address : SimpleAddress
Methods
stay () = holiday address := address
age (year:integer — result:integer) =
result := year — dob.y
Endclass.
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O

The set of all methods of a class consists of both the new and inherited, and both
the update and query methods.

Definition 8.11 Let H be a class hierarchy that satisfies the first condition for
well-defined class hierarchies and C = (¢, S, K, A, M) be a class in H. The set of
all update methods of C, denoted by u_meths(C), is defined as follows:

u_meths(C) = {m(P)=E | m(P)=Ee€ M} U
{m(P)=E | 3C' € H[name(C') € SAm(P)=FE
€ u_meths(C')] AYm/(P')=E' € M[m # m']}.
The set of all query methods of C, denoted by ¢ meths(C), is defined as follows:
qg-meths(C) = {m(P - I.T)=E | m(P - l:T)=E € M} U
{m(P - I.T)=FE | 3C' € H [name(C') € S A
m(P — I:T)=F € meths(C")] A
Vm/(P' - I"T")=FE' € M[m # m']}.
Finally, meths(C) is the union of u_meths(C) and g_meths(C). O

Since the methods are different from the methods of Chapter 3, we have to redefine
well-typed methods.

Definition 8.12 Let H be a class hierarchy that satisfies the first and second
condition for well-defined class hierarchies and C be a class in H. Furthermore,
let m(P — 1 : T) = E be a query method in ¢ _meths(C'). The query method is
well-typed if for every assignment d := s (resp., insert(s,d)) in E:

1. d starts with { (i.e., only assignments to the result of the method)

2. if new(c',a; = ey, ++,a, = e,) occurs in s, such that ¢’ is the name of class
C' in H, then:

(a) (name(C),c') is an element of sub(H)
(i.e., only creation of objects in class C' and superclasses of C)
(b) C' has exactly n attributes: a; : 11, -+, an : Ty,

(c) for every ¢ € {1,---,n}, the type of e; is a subtype of T; according to
subtype relation <pg

3. if p.m/(el, -, €l,) occurs in s, such that p has type ¢/, where ¢’ is the name

of class C' in H, and m' is the name of method meth in C', then:
(a) meth has exactly n parameters: p; : 11, -, pp : Ty

(b) for every ¢ € {1,---,n}, the type of €} is a subtype of T; according to
subtype relation <pg
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4. the type of s is a subtype of the type of d according to subtype relation <g
(resp., the type of d is {T'} and the type of s is a subtype of T'),

where the type of a source or a destination is defined as follows:
1. the type of an integer constant is integer

the type of a rational constant is rational

the type of a string constant is string

the type of [ is B if [: B is a parameter in P

the type of self is name(C)

O

the type of a.ly. -, is T.l;.---.l, if a:T is an attribute in atts(C) and
Ty ooy L

7. the type of a complex term follows from the types of the subterms and the
standard rules for + (addition for integers and rationals; concatenation for
strings), — (subtraction for integers and rationals), x (multiplication for
integers and rationals), and + (division for rationals only)

8. the type of new(d, ey, --,e,) is d
9. the type of a call to method m'(P' - l' : T") =E'is T'
10. otherwise, the type of a source or a destination is undefined

and

<li:Ti, ol To>d=Tifle{l, L} AT=T,

<l Ty oogdy T A= LiELE {h, ,0n}

d.a=Tif3C' € H3d' : T' € atts(C')[c' = name(C')Aa=a' AT =T"]
da=1 ifVC' € HVa' : T' € atts(C')[c' # name(C')V a # d'].

Now, let m(P) = E be an update method in u_meths(C). The update method is
well-typed if for every assignment d := s in E, the type of s is a subtype of the
type of d (according to <) and if for every method call s.m/(vy, -+, v,) in E, the
following holds: the type of s must be name(D) for some D € H and there must
be a method m'(P' — I' : T') = E' in meths(D), such that the type of each v; is
a subtype (according to <p) of the type of the corresponding formal parameter
in P'. The type of a source or destination in an update method is defined as for
query methods, with the exception that the third item (regarding selections of
the result of a query method) is removed. O

Since we will use the inheritance mechanism of Definition 8.11 for methods, a nec-
essary condition for class hierarchies to be well-defined is that inherited methods
with the same name must be the same or must be redefined as a specialisation.
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Example 8.13 According to the inheritance mechanism of Definition 8.11, class
‘Employee’ in the following class hierarchy has one method, viz., ‘stay() = holi-
day address := address’:

Class Person
Attributes
name : string
mother : Person
address : SimpleAddress
holiday address : SimpleAddress
Methods
stay() = holiday address := address
Endclass
Class Employee Isa Person
Attributes
holiday address : Address
company : string
salary : integer
Endclass.

Although method ‘stay’ is well-typed in class ‘Person’, it is not well-typed in
class ‘Employee’, because attribute ‘holiday address’ has been specialised (if we
do not allow attribute specialisation, then every method that is well-typed in
class C is also well-typed in every subclass of C). Hence, class ‘Employee’ is not
well-defined. One way to repair this is to use a different inheritance mechanism
for methods, where ill-typed methods are redefined. However, we do not allow
general redefinition of methods. Nevertheless, class ‘Employee’ can be redefined as
a well-defined class by specialising attribute ‘address’ in the same way as attribute
‘holiday address’, i.e., adding attribute ‘address:Address’ to the new attributes of
class ‘Employee’. For a more complicated example, let class ‘Person’ and class
‘AgedPerson’ be given by:

Class Person
Attributes
name : string
address : SimpleAddress
mother : Person
grandmother : Person
Methods
define grandmother () =
grandmother := mother.motherl()
motherl (— p:Person) =
p := mother
Endclass
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Class AgedPerson Isa Person
Attributes
address : Address
grandmother : AgedPerson
Endclass.

Method ‘define grandmother’ is well-typed in class ‘Person’, but not in class
‘AgedPerson’, because attribute ‘grandmother’ has been specialised. Hence, class
‘AgedPerson’ is not well-defined. However, class ‘AgedPerson’ can be redefined as
a well-defined class by specialising both attribute ‘mother’ and method ‘motherl’:

Class AgedPerson Isa Person
Attributes
address : Address
mother : AgedPerson
grandmother : AgedPerson
Methods
define grandmother () =
grandmother := mother.mother1()
motherl (— p:AgedPerson) =
p := mother
Endclass.

O

Every class in an extended class hierarchy has a set of functional forms (one for
each of its methods). The definition of these functional forms is more complicated
than Definition 3.12 in Chapter 3, because of the new-statement. The functional
form of a query (resp., an update) method is a function of which the body is an
accumulation of the assignments to the result (resp., to the input) of the method.

Definition 8.14 First, we postulate an injective function newid:integer — oid
that maps every integer to a unique object identifier.

Let H = {Cy,---,Cyn} be a well-defined class hierarchy, {ci,---,cn'} be the
set of names of the classes in H, C be a class in H, ¢ be name(C), and {a; :
Ti,--,ax : Ty} be atts(C). Furthermore, let meth = m(P — | : T)=F be a
query method in ¢_meths(C). The functional form of query method meth in class
C, denoted by func, (C, meth), is defined as:

fune,(C, meth) =
Acount:integerobj:type(C)AP. evaly(E)(0bj, po(T), count),

where

po(d)= L ifde CN,
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po(B) = L if B € {integer, rational, string},

po({U}) = L,
po(< by : Thy - 1 1 Up 3) = < ly = po(UL)y 1 1n = po(Un) >,

and the syntactic evaluation of body FE in state o = (0bj,r, N) (where obj is the
object that is queried by the method, r is the current value of the result of the
method, and N is the current number of objects), denoted by eval(E)o, is given
by:

evaly(Ly; La)o = evaly(Lo)(evaly(Ly)o),
evaly(l := s)(obj,r, N) =
(obj, m1(ev(s)(obj, r, N)), mao(ev(s)(obj,r, N))),
evalg(lly. - .1, :=s)(obj,r,N) =
(obg,r[ly. - -.l, = m1(ev(s)(obj,r, N))], mo(ev(s)(obj, r, N))),
eval,(insert(s,l))(obj,r, N) =
(Obja ryU {Wl(ev(s)(()bja T, N))}1 Wz(eU(S)(Obj, T N)))’
evaly(insert(s,l.ly. - - - .l,))(obj, 7, N) =
(obj,r[ly. - .lp = (r.ly.- - 1y U {m1(ev(s)(0bs,r, N))})],
7I'Z(E‘U(S)(Obj)"" N)))y

where

ev(b)(obj,r, N) = (b, N),
if be BC
ev(self)(obj,r, N) = (obj, N),
ev(l')(obj,m, N) = (', N)
ifl'e Land l' #1,
ev(l)(obj, 7, N) = (r, N)
ev(l.ly. - .0p)(obj, 7, N)=(r.ly. - .1, N)
ev(ly. - .0p)(obj,r, N) = (0bj.ly. - .ly,N)
if l; € AN,
ev(s10s2)(obg,r, N) = (m1(ev(s1)(0bj, 7, N))8m1(ev(s2)(0bj,r, N)), f)
if @€ {+,—; %4}
ev(new(c,a; = e}, - -, a; = €},))(obj, 7, N) =
(py. < id = newid(N),a; = w1 (ev(e})(obj,r, N)),- -+,
ap = m1(ev(e})(obj, 7, N)) >, N + 1),
where ev(nself)(obj,r, N) = (y, N)
E’U(p.m'(e’l, B e;l.))(Ob]’ T N) =
m2,3( (func,(C', meth'))(N)(m (ev(p)(obj,r, N)))
(m1(ev(e1)(obj,m, N)))- - - (mi(ev(ey)(obs, m, N))) ),
where C’ is the class in H and meth' is the method in meths(C"),
such that name(C") is the type of p and meth' has name m'

and
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<ll=v1a"':ln=vn>[ll=v]=
Ll =0, lyg =05 >

<h=v, - lp=v,>[LA. - I, =v]=
Ly =9l 2o dl =420 0,be =0 >,

Now, let meth = m(P) = E be an update method in meths(C). The functional
form of update method meth in class C, denoted by func,(C, meth), is defined as:

func, (C, meth) = Acount:integerAobj:type(C)AP.eval,(E)
(1 8(0bj). < id = obj.id, a1 = og(a1,Th)," -, ax = oo(ak, Tk) >, count),

where

oo(r,d) = obj.r ifd € CN,

ao(r, B) = obj.r if B € {integer, rational, string},

oo(r,{U}) = obj.r,

oo(r,<ly iUy, 1y : Uy >) =< Uy = 09(r.ly,U1), -+, ln = 00(1.1n, Up) >,

and the syntactic evaluation of body E in state o = (obj, N) (where obj is the
object that is updated by the method and N is the current number of objects),
denoted by eval(E)a, is given by:

evaly(Ly; Lo)o = eval,(Lq)(evaly(Ly1)o),
evaly,(a; := s)(obj, N) =
(1 6(0b7).(cuts(opj)(< id = ep,ar = m(ev(s)(obj, N)), -, ax = ex >)),
ma(ev(s)(ob, N))),
evaly(ay.ly. .1, :==s)(obj, N) =
(1 8(0bg).(cuts(opy)(< id = eg, a1 = e.ar[ly. - - .ln = mi(ev(s)(obj, N))], -,
ar = ex >)), ma(ev(s)(obj, N))),
eval, (insert(s,a;))(obj, N) =
(1 8(0b).(cut sop5)(< id = eg, a1 = e.ay U {m1(ev(s)(0bj, N))}, -,
ax = ex >)), ma(ev(s)(obj, N))),
eval,(insert(s,a;.l;. - -.l,))(0bj, N) =
(1 8(0bj).(cuts(opy)(< id = €g, a1 = e.ar[ly. - .lp = e.ar.ly. - .1xU
{1 (ev(5)(ob, N, -+ ak = ex >)), ma(ev(s)(obi, N)),

where

ev(b)(obj, N) = (b, N)
if be BC
ev(self)(obj, N) = (obj, N),
ev(l)(obj, N) = (I, N)
iflelL,
ev(ly. - .0p)(0bj, N) = (obj.ly. - .1, N)
if l; € AN,
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ev(s10s2)(0bj, N) = (w1 (ev(s1)(obj, N))bm (ev(s2)(0bj, N)), )
if 0 € {+,—, x,+},
ev(p.m/(e}, -, e))(obj,r,N) =
Ta,8( (func,(C', meth"))(N)(r (ev(p)(obj, r, N)))
(my(evlel)(obj, m, N))) - (s (ev(el,)(objr, N))) ),
where C' is the class in H and meth' is the method in meths(C"),
such that name(C") is the type of p and meth' has name m’

and

cutz(z') =2' if ' € Var

cuty(b) =b if b € Cons

cuty({e1, -, en}) = {cutz(e1), -, cutz(en)}

cutz(<ly =ey,  ,ln =€, >, V) =<1y = cutz(er), -, ln = cuty(e,) >
cuty(pz.e') =z

cuty(pz'.€') = pz'.e if 2' # z.

O

Example 8.15 Let H be the first class hierarchy of Example 8.11. Let Cp be
class ‘Person’ and Cg be class ‘Employee’ after after attribute ‘address:Address’
has been added. The functional forms of method ‘stay’ in class ‘Person’ and class
‘Employee’ are given by:

Ai:integerAo:type(Cp) .
i 6(0). <id=o0.id, name=o0.name, mother=o.mother,
address=o.address, holiday address=o.address>,
Az:integerAo:type(Cg) .
i 8(0). <id=o.id, name=o.name, mother=o.mother, address=o.address,
holiday address=o.address, company=o.company, salary=o.salary>.

O

Since the functional forms are different from the functional forms of Chapter 5, we
have to redefine the equality relation and the subfunction relation on functional
forms. Equality of functional forms is defined as extensional equality of their
semantic counterparts.

Definition 8.16 Let 7 and o be types. Furthermore, let

F = Xcount:integerAobj:TApy:m - - - Apk:7k-f,
G = Acount:integerAobj:TAq:v1 - - AGmUm -9

be functions in functions(7, o). Equality of F' and G, denoted by F =pync¢ G, is
defined by:
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F=pync G &
Vi€ [integer] Veo € [7] Ve € [11] - - - Vex €[] [F[3(€) =p G (€)],

where € = (4,eg,€1,---,ex). Note that equality requires that £k = m and Vj €
{1;+»s;n}m =pv;). O

Equality of functional forms can be weakened by permuting parameters and re-
placing object identifiers.

Definition 8.17 Let 7 and o be types. Let F' = Acount:integerAobj:7AP. f and
G = Acount:integerdobj:TAQ. g be functions in functions(r,c). Then F is weakly
equal to G, denoted by F' =%,y G, if and only if there is a permutation Q of Q
and a bijective function h from newids(F) to newids(G), such that:

h(F) =pync Aobj:T AQ. g,

where newids(F) is the set of expressions of the form newid(e) occurring in F
and h(F) is obtained from F' by replacing every occurrence of e in newids(F') by
h(e). O

To define the weak subfunction relation on functional forms, we have to introduce
the generalisation of a functional form.

Definition 8.18 Let 7; and o1 be types, and F' = Acount:integerAobj:Ti AP. e
be a functional form in functions(r1,01). Furthermore, let 7o and oy be types,
such that 71 <7ypg 7 and 01 <7ypg 02. The generalisation of F to a functional
form in functions(7e,02), denoted by gen(F, T2, 02), is defined as follows:

gen(F, 1y, 09) = Acount:integerAobj:my AP. (proj(e, estruc(asz), obj, D)),

where P is obtained from P by removing parameters that do not occur in proj(e,
estruc(oz), obj,0) and proj is the same as in Chapter 5, with the following addi-
tional item:

proj(newid(e), T,1, V) = newid(e).
0O

The weak subfunction relation on functional forms is defined as weak equality of
their generalisations.

Definition 8.19 Let 7, and o; be types, and let F} be a functional form in
functions(7i,01). Furthermore, let 72 and o2 be types, such that 71 <rypg T
and o1 Xrypg 02, and let Fy be a functional form in functions(r,03). Then Fy
is a weak subfunction of F, denoted by Fy <%,y F?, if and only if:

gen(Fy,m2,02) =%ync Fo.



Chapter 9

Schema transformations

In this chapter, we introduce type transformations to extend the basis for the
comparison of attributes, constraints, and methods. We consider renaming and
aggregation of fields in record types, adding fields to record types, and combina-
tions of these operations. Renaming and aggregation are capacity preserving, i.e.,
they do not add data capacity to a type and its instances. Adding fields is ca-
pacity augmenting, i.e, it adds data capacity. The motivation for choosing these
transformations is that renaming and aggregation together are complete w.r.t.
data capacity and adding id-fields induces objectification, which is an important
transformation for our schemas. we give an overview of type transformations and
show how type transformations induce schema transformations.

Furthermore, we show that a type transformation induces a transformation
on predicates and a transformation on functions, which can be combined into a
transformation on classes. The type transformation defines the transformation for
the attribute part of a class, the transformation on predicates for the constraint
part, and the transformation on functions for the method part.

9.1 Type transformations

The set of basic type transformations consists of renaming, aggregation, and ob-
jectification operations (cf. [1] and [24]).

Definition 9.1 Renaming is defined as a function of type £ — (£ — (Types —
Types)):

rename(l;)(1)(t) =t lft € TypeVar

rename(l;)(1)(B) = B if B € BTypes

rename(l YD({v}) = {v}

rename(L;)()(< b vy, p vy >) =<l rvy, oy ly v >

131
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ifl; g {li, -, l,}orl € {ly, -, ln},

rename(L;)(1)(< 1yt vy, lp v D) =<y tvg, o Lo, byt vy >
ifl; €{ly,---,l,}and I & {ly, -, ln},

rename(l;)(1)(ut.a) = pt.(rename(l;)(1)(a)).

We distinguish between two kinds of aggregation: tupling and aggregation within
a record type. Tupling is defined as a function of type £ — (Types — Types):

tuple(l) (1) =< 1:7 >.
The inverse of tupling is de-tupling, defined as a function of type Types — Types:
de_tuple(<l:1>)=r.

For all other cases, we have: de tuple(v) = v. Aggregation within a record type
is defined as a function of type pgn (L) — (£ — (Types — Types)):

aggregate({li,liy1, -, D)< L tvy, -, lnivg >) =
<ly 2 vgye o by < gy e sl 400050 10 >
if {li,li+1y o ’IJ} = {ll; o ‘n} and [ ¢ ({llv ’ aln} - {li’li+la o )l]})
aggregate({l,-, by ooy l]})(l)(/'l‘t Cl)
ut.(aggregate({li,liy1,- -+, 1;})(1)())
if id g {li)li+1) ¥ l]}a
aggregate({li, liy1, -+, ;HOpt. <l :m,-- - i1 >) =
ps. <ly :m[t\s], -+, 0: pt. < limi[t\s],- l Ti[t\s ] oo s lnomalt\e] >
ifid € {l,’,l,;+1,* . ',lj} and {liali+1; “ o l } Q {ll, b }

where s is a fresh type variable. For all other cases, we have: aggregate(L)(l)(v) =
v. The inverse of aggregation is de-aggregation, defined as a function of type
L — (Types — Types):

de_aggregate(L;)(< 1y vy, -, lp 1 v >) =
<115U1,---,l,’_15’vi_1,l’120'1, . ,lm O’m,l,+1 ‘U,‘+1,"',lnlvn>
ifl;e{ly, -- l}andvz~<l’ o1, o, >
and {l3, ---,l’ yn{ly, -, L 1,l,+1,---,ln}=@

de_ aggregate(l Yt < 1y : vl,---,l Py D) =
ut.(de_aggregate(l;)(< Uy : vy, -+, 1y vy >))
ifl; € {l, -+, la} andvz—<l’1'01,---,l£nzam>
and {ll1) 7l' }n{lli l 1)l1+1a"'7ln}=m

de_aggregate(l;)(put. <y : vl,---,l YU )=
pt.(de_aggregate(l;)(< 1y : v1, -+, ln 1 vg >))
ifl;e{ly,---,lx}and v, =ps. <l 109, Ul i opm >
andid¢{l{,---,l’m} and {0}, -, .30 {ly, - lic1, livr, -, ln} =0
and s € fvars(<li i o1, UL, om >)

de _aggregate(l;)(ut. <ly 1vy, -+, lp 1 vy >) =
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ps. <l twvgft\s],- -+, licy tvioq[t\s],
Boioy, s U s Omaligy s 0[N8B, o+, Ln ¢ Ua[t\ 8] >
ifl; € iy« ln} and vi = ps. <l 10,7l 1 Om >
andid e {&,---,0" Yand {&}, -, I} N {luy -y i, gty - ln} = 0
and s & fvars(< Ui : o1, -+, U, om >).

For all other cases, we have: de_aggregate(l)(v) = v. Objectification is defined as
a function of type Types — Types:

objectify(< Uy : vy, +,lp 1 vy >) = ps. < idioid, g : vy, -+, 1y 1 vy >,
ifideg {ly, -, 1.}

objectify(ut. <ly i vy, -+, ln vy >) = pt. <idioid, g : vy, -+, lp 1 vy >
ifid & {l,---,ln},

where s is a fresh type variable. For all other cases, we have: objectify(v) = v. The
inverse of objectify is de_objectify, defined as a function of type Types — Types:

de_objectify(< id:oid, Iy : vy, -, lp 1 vy >) =<y 1 vy, ln 1 Uy >
de_objectify(ut.a) = put.(de_objectify(a)).

For all other cases, we have: de objectify(v) = v. Finally, the set of basic type
transformations, denoted by BT, is given by:

BT = BT e U BT oy9 U BT 44,
where

BT e, = {rename(l)(I') | L€ LAU' € L}
BT o9 = {tuple(l) |l € L} U {de_tuple} U

{aggregate(L)(l) | LC LAl € L} U {de_aggregate(l) |l € L}
BT ,5; = {objectify, de_objectify}.

O

Note that, ‘renaming’ a field with the name of another field leaves a type un-
changed (instead of resulting in an undefined type). In fact, all transformations
leave a type unchanged if straight-forward application would result in an unde-
fined type.

Example 9.2 Let o be type < name:string, age:integer, address:string >. Then:

rename(address)(residence)(o) =

< name:string, age:integer, residence:string >
aggregate({name, age})(person)(c) =

< person: < name:string, age:integer >, address:string >
objectify(o) =

ps. < id:oid, name:string, age:integer, address:string >.
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O

Complex type transformations are obtained by combining basic type transforma-
tions.

Definition 9.3 The set of complex type transformations, denoted by C7T, is
inductively defined by:

1. if F € BT U {notransform}, then F € CT
2. if F; € CT and F;, € CT, then Fy o Fy € CT
3. if F € CT, then {F} € CT

4. if {l,---,1,} C L is a set of n distinct labels and {F},---, F,} C CT,
then <l : Fy,---,l, : F, >€CT.

Type transformation notransform leaves all types unchanged:
notransform(v) = v.

Complex type transformation F; o F; is the composition of F; and Fy:
Fy o Fy(v) = F1(Fy(v)).

Complex type transformation {F} transforms set types and leaves other types
unchanged:

{F}({v}) = {F(v)}.

Complex type transformation F' = < Il : Fy,---,l, : F, > transforms record
types and leaves other types unchanged:

Flelyvwris e 1w, d)=<ly s Filv), Iu: Falve) >
Flut. <ly:vy, - lpiv,>)=pt. <ly: Fi(vy), -l Fo(va) >.

In the same way, CT ., is obtained from BT ,.,, and C7 renagq from BT 1o, UBT 444.
O

Example 9.4 Type oy = <y : pus. <id:oid,l : 7,ly : 79 >,l3 : 73 > can be
obtained from type o1 = <y : 7,1y : 79,13 : T3 > as follows:

o9 = rename(ly)(I)(o1) =< l:m,ly i To,l3 : 73 >
o3 = aggregate({l,L})(l1)(o2) =<l : <l:m,lp 19 >,l3: 73 >
o4 = < ly : objectify,l3 : notransform > (o3).

O

Type transformations preserve derivable equality.
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Lemma 9.5 Let 7; and 72 be types and F be a type transformation in C7 renqgq-
Then:

71 =p T2 = F(11) =p F(m).

Proof. If F € BT, then the lemma follows from a simple case distinction w.r.t.
F. If F € CT — BT, the the lemma follows from an induction argument on the
structure of F. O

Every basic type transformation induces a function between the tree representing
the original type and the tree representing the transformed type.

Definition 9.6 Let F be a rename operation rename(l;)(l') and 7 be a type,
such that F(7) # 7. Then F induces a function @ from the set of paths in struc(r)
to the set of paths in struc(F(7)). Function ® is defined by ®(p) = ¢(p, 7), where

e(lbv)=1U' ifl=1l andv="71

e(lbv)=1 ifl#lLorv#T

(Ll dpy <oy lio, - >) =p(lv).p(ly. - 1y, 0)

ey gyt <o lioy->) =
o(l,v).p(ly. - dp,oft\ pt. <+, l:0,--->]).

Let F' be a tupling operation tuple(l') and 7 be a type, such that F(7) # 7. Then
F induces a function ® from the set of paths in struc(7) to the set of paths in
struc(F(7)). Function ® is defined by ®(p) = ¢(p, ), where

e(liv)y=Ul fv=r1

(lv)—llfvaé'r
e(lly. - <'--,l:<f )=( v)p(ly. - lny )
o(lly.- n,pt< lo >)=

(1, v) o(ly. - n,a[t\yt.< oy >)).

Let F be an aggregation operation aggregate({lj,---,1;})(I') and 7 be a type, such
that F(7) # 7. Then F induces a function ® from the set of paths in struc(r) to
the set of paths in struc(F(7)). Function ® is defined by ®(p) = ¢(p, 7), where

p(lLv)=U1ifle{l}, -} andv =7

plLv)=Liflg{l}, -, L}orv#T

o(lly. - dp, < Loy >)=p(Lv).p(ly. 1y, 0)

ol dp,pt. <o lioy->) =
e(l,v).p(ly. - dn ot \ pt. < -+, l:a,-+- >]).

Let F' be an objectify operation and 7 be a type, such that F(r) # 7. Then
F induces a function ® from the set of paths in struc(7) to the set of paths in
struc(F (7)), which is defined by ®(p) =
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Every complex type transformation induces a function between the tree represent-
ing the original type and the tree representing the transformed type. The function
is obtained by combining the functions induced by the basic type transformations
that occur in the complex type transformation.

9.2 Transformations on predicates and functions

Type transformations also induce transformations on predicates and functions.
The transformation for predicates is obtained by applying the function as defined
in Definition 9.6 to the predicate.

Definition 9.7 Let F be a type transformation, 7 be a type, and ¥ be a con-
junction of formulas, such that each formula has one of the following forms:

1. uniqueness: Vz € eVy € e[(z.p1 Z1ErM Y-P1 A A TPy ZTERM Y.Pn) =
T =rppM Y

2. refint: Vz € eVzy € z.p1 - VZp € Ty—1.pnTY € €[Tn.Pn+1 ZTERM Y-
Predicate F (1)) is obtained from % by replacing each formula in ¥ as follows:

1. for each uniqueness formula: for every p;, if p; is a path in struc(7), then p;
is replaced by ®(p;)

2. for each refint formula: for every p;, if p;.€.---.€.p; is a path in struc(7),
then p; is replaced by g;, such that ®(p;. € .---. € .p;) = ®(p1.€.---. €
Pi-1)- € .i,

where ® is the function from the set of paths in struc(7) to the set of paths in
struc(F(7)) induced by F. O

The transformation for function is more involved.

Definition 9.8 Let F be a type transformation, 7 = pt.a and o be types, and
F = Acount:integerAobj:TAP.f be a function in functions(r,o). Function F(F)
is defined as follows:

F(F) = Acount:integerAobj: F(7)AP. rep(f, 0,0, L, L),
where

rep(b,v,V,y,p) =b if b € Cons

rep(z,v,V,y,p) =z if z € Var

rep(l,v, Vyp)—l iflel

rep(obj.ly. - lp, v, V,y,p) = 0bj . ®(ly. - .1,)
7~ep(elee2yv V Y, p) - rep(ehv V Y, )97‘6])(62, v, Va yvp)
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rep(newid(e),v, V,y,p) = newid(e)
rep(e u {ela ¥ it e'n.}a {‘U}, V;yap) =
eU{rep(e1,v,V,y,p.€), -, rep(en,v,V,y,p. €)}
rep(<ly=e1, ,ln=ep, > <ly:ivy, v, >, Viy,p)=
< ll = Tep(elyvla V:yap-ll)v Ty ln = Tep(enyvn’ V)yyp'ln) >
rep(pz.e, s, V,y,p) = rep(uz.e, us.3,V, y,p)

if us.g eV

rep(uz.e, us.B,V,y,p) = ap(F, pz.e,us.3,V,y,p)
ifs=t

rep(uz.e, us.8,V,y,p) = px.rep(e, B,V U {us.0}, z, empty)
if s #t,

where @ is the function from the set of paths in estruc(7) to the set of paths in
estruc(F (7)) induced by F and ap(G,e,v,V,y,p) is defined as follows.
Case 1: G = rename(ly)(l). Then:

ap(ga<ll =€1,"',ln=€n >)<l1 :Uly"’;ln:vn >,V,y,P)=
<l=rep(er,v1,V,y,p.lh), -+, ln = rep(en,vn, V,y,p.ln) >
ap(G, px.e,us.3,V,y,p) = pz.ap(G,e, B,V U {us.0}, z, empty).

For all other cases, we have: ap(G,e,v,V,y,p) = rep(e,v,V,y,p).
Case 2: G = tuple(l). Then:

ap(G, pz.e,pus.B,V,y,p) = <l = pz.rep(e, B,V U {us.B}, z, empty) >.

For all other cases, we have: ap(G,e,v,V,y,p) = <l=rep(e,v,V,y,p.l)>.
Case 3: G = aggregate({ly,---,1;})(l). Then:

ap(Q, <l = ey, 5, ln = 8n > <l 2 wgy oo 5l 10 2V 0,0) =
<l=<li=rep(er,v1,V,y,p.l.ly), -, li=rep(e;,vi, V,y,p.l.ly) >,
liv1 = rep(€it1, Vit1, Vi ¥, pliv1), - o+ ln = rep(en, v, Vi y, pln) >
ap(G, pz.e, pus.8,V,y,p) =
pz. ap(G,e, B,V U{us.B},z, empty)
if id ¢ {llv"')li}:
ap(G,puzx. <ly =ep, -, lp=€, > ps. <ly:vy, -, lp:v, > V,y,p)=
B2y <l=px. < =€), -, li=€} > 1=l 1, -, ln=€y >
ifid € {ly, -, i},

where €] = rep(ei[z\2(y,p)],vi, VU {ps. < ly 1 vy, -+, lp 1 vy >}, 2,0;) and €] =
rep(ei[z\ 2yl vi, VU {ps. < 4 : v, .00 1 va >} 2¢5),l) and 2,5 is an
instance variable that does not occur in F' and uniquely depends on both y and
p. For all other cases, we have: ap(G,e,v,V,y,p) = rep(e,v,V,y,p).

Case 4: G = objectify. Then:

ap(G, <l = ey, s ln=1t€s >, <l 10y, 1n 1 Uy >,V 9,p) =
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B 2(y,p)- < id=newid(count +i(, ),
l1=7'€p(€1, V1, V’ 2(y,p)» ll)a A ln=rep(ena Un, v Z(y,p)» ln) >
ifidég {l, -, 1.}
ap(G,pz. <ly =€y, ln=€p >, us. <ly vy, -, lp v, >, Viy,p) =
p x. < id=newid(count + iy ),
ll=7‘3P(€1, v, VI> Z, ll)) Setiiiey lnzrep(en, Un, V,a z, ln) >
ifideg {l, -, 1.},

where V' = VU{us. <ly : v, -+,ln : v, >} and 2(y ;) is an instance variable that
does not occur in F' and uniquely depends on both y and p, and i, ;) is an integer
that uniquely depends on both y and p, such that newid(count + i, )) does not
occur in F. For all other cases, we have: ap(G,e,v,V,y,p) = rep(e,v,V,y,p).
Case 5: G = {G'}. Then:

ap(g,eU {811 2 -,en},{'U}, V>y,P) =
el {a'p(gl,ehva Vayap'€)7 & Sy aP(gl7en,Ua V,y,PE)}

For all other cases, we have: ap(G,e,v,V,y,p) = rep(e,v,V,y,p).
Case 6: G =<1;: Gy, --,l,: Gy >. Then:

a'p(ga<ll =el,  ln=ey > <l vy, ol v, >’Vyyap)=
= ll = ap(glvelyva Vayap'll)y' : ',ln = aP(gn,en,'U,V,y,P-ln) >
ap(G, pzx.e, us.3,V,y,p) =
H . ap(g,e, ﬁ; Vu {ps.,@},:l:, empty)-

For all other cases, we have: ap(G,e,v,V,y,p) = rep(e,v,V,y,p). O

Unfortunately, not every transformed function is well-typed. Therefore, we intro-
duce well-typed functions.

Definition 9.9 Let F be a type transformation, 7 = pt.a and o be types, and
F = Acount:integerAobs:7AP.f be a function in functions(r, o). Furthermore let
F' = Acount:integerAobj: F(7)AP.f' be F(F). Then:

well-typed(F') < typed(f', F(o),0),
where F (o) is obtained by applying F to the right components of o:

(B) = B if B € BTypes
(s )—s if s € TypeVar
(D = (F) ) )
(< lyvgy -y lpivg >) =< :F(vr), -y Lt F(ug) >
(ufs B) = f(;wﬂ)
Hs=t
F(us.B) = us.F(B)
ifs#t

'ﬂn e *ﬁl W
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and typed(e,v, V'), which is true if and only if e has type v, is inductively defined
as follows:

typed(b, B,V) if b € Consp
typed(z,s, V) if z € Var,
typed(l, B, V) if I:B is a parameter in P
typed(obj.ly. - .ln,v, V)

if estruc(F(1).ly. - .ly) = estruc(v, V)
typed(eifeq, v, V)

if typed(ey,v,V) and typed(ez,v,V) and 6 € opsg
typed(newid(e), v, V)

if v = oid
typed(e U {e1, -+, e}, {v}, V)

if typed(e,{v},V) and for every i € {1,---,n}, typed(e;,v,V)
typed(< li=ey, = In=tn >, € L1301, ¢+ ylaitiy >, V)

if for every ¢ € {1,---,n}, typed(e;,v;, V)
typed(pz.e,s, V)

if us.# € V and typed(pz.e, us.B,V)
typed(pz.e, us.B,V)

if z € Var, and typed(e, 8,V U {us.G}).

O
Finally, we can define transformations on classes.

Definition 9.10 Let H be a well-defined class hierarchy and C be a class in H.
Furthermore let class be (type(C), constraint(C,e), funcs(C)) and F be a type
transformation. Then F induces the following transformation on classes: follows:

F(class) = (F(type(C)), F(constraint(C, €)), {F(F) | F € funcs(C)}).
Class F(class) is well-defined if F(F) is well-typed for every F € funcs(C). O

Example 9.11 The following class hierarchy introduces a class Person, a class
Employee, which inherits from class Person, and a class Company:

Class Person
Attributes
name : string
street : string
house : integer
city : string
Endclass
Class Employee Isa Person
Attributes
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employer : Company

salary : integer
Endclass
Class Company
Attributes

name : string
Endclass.

The underlying type of class Person is:
u Person. <id:oid, name:string, street:string, house:integer, city:string>.

The underlying type of class Person can be transformed into (using F; = aggregate
({street, house, city}) (address)):

u Person. <id:oid, name:string, address:
<street:string, house:integer, city:string>>,

which can be transformed into (using F; = < id:notransform, name:notransform,
address: objectify >):

u Person. <id:oid, name:string, address:
1 Address. <id: oid, street:string, house:integer, city:string>>.

The composite transformation (F = Fy o F}) is a variant of the transformation
for lexical attributes from [28]. We can redefine class Person as a class (named
Personl) that refers to a new class (named Address).

Class Personl

Attributes
name : string
address : Address

Endclass-

Class Address

Attributes
street : string
house : integer
city : string

Endclass.

Since the identities of the objects in class Person become the identities of the
objects in the redefined class (Personl), the underlying constraint of class Person
(constr) is preserved by the redefined class (w.r.t. F'): the underlying constraint
of the redefined class implies F(constr). The underlying type of class Employee
is:
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u Employee. <id:oid, name:string, street:string, house:integer, city:string,
employer:7¢, salary:integer>,

where 7¢ is the underlying type of class Company. The underlying type of class
Employee can be transformed into (using F; = aggregate ({id, name, street, house,

city}) (employee)):

1 Works for. <employee: Employee. <id:oid, name:string,
street:string, house:integer, city:string>,
employer:7¢, salary:integer>,

which can be transformed into (using Fy = objectify):

1 Works for. <id:oid, employee:u Employee. <id:oid, name:string,
street:string, house:integer, city:string>,
employer:7¢, salary:integer>.

The composite transformation (F = Fy o F}) is a variant of the transformation
for unstable subtypes from [28]. We can redefine class Employee as a ‘relation’
(named Works for) that refers to a new class (named Employeel):

Class Works_for
Attributes

employee : Employeel

employer : Company

salary : integer
Endclass
Class Employeel
Attributes

name : string

street : string

house : integer

city : string
Endclass.

Since the identities of the objects in class Employee become the identities of the
objects in class Employeel, and not the identities of the objects in the redefined
class (Works for), the underlying constraint of class Employee (constr) is not pre-
served by the redefined class (w.r.t. F): the underlying constraint of the redefined
class and the rule ‘z.employee.id = y.employee.id = z.employee = y.employee’
do not imply F(constr)). Therefore, we introduce a key for class Works for:

Class Works _forl
Attributes
employee : Employeel
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employer : Company

salary : integer
Constraints

key employee
Endclass.

The underlying constraint of this class and the rule ‘z.employee.id = y.employee.id
= z.employee= y.employee’ do imply F(constr)). O



Chapter 10

Properties of schema
transformations

In this Chapter, we consider the transformations of the previous chapter. We
introduce transformational type equivalence based on renaming and aggregation
operations, and semantic type equivalence based on data capacity. Furthermore,
we prove that the set of renaming and aggregation operations is sound and com-
plete w.r.t. data capacity by proving that transformational and semantic type
equivalence are equivalent. This result is important for the comparison of at-
tributes, because we know that underlying types with the same data capacity can
be obtained by a combination of renaming and aggregation operations.

10.1 Normal forms

We only consider underlying types of classes and their component types, because,
if both pt.a and pt. occur in such a type, then we know that a« = 3, which
simplifies the definitions of transformational and semantic type equivalence.

First, we define transformational type equality and transformational type
equivalence in terms of renaming and aggregation operations.

Definition 10.1 Let 7; and 75 be closed types. Transformational equality of 7|
and 79, denoted by 71 =;rans T2, is defined as follows:

T =trans T2 & IF € CTrenagg [F(Tl) =D 7'2]-
Transformational equivalence, denoted by 2;,4,s, is defined by:

T Zirans T2 < Juy € TypesIvg € Types[ti Zp v1 A Ta Zp U2 A UL =¢rans V2.

143
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Transformational equality is a symmetric relation.
Lemma 10.2 Let 7, and 75 be types. Then:
dF, € CT [Fl(Tl) =p 7'2] = JF, € CT [Fz(‘f‘z) =p Tl].

Proof. Suppose Fy € CT and Fi(m) =p 7o. If F} € BT, then it follows from
a simple case distinction w.r.t. F; that there is a transformation Fy € C7 such
that Fy(m2) =p 7. And if Fy € CT — BT, then it follows from an induction
argument on the structure of Fj that there is a transformation Fy € C7 such that
Fy(r) =pm. O

Example 10.3 Let oy be type ut. < id:oid, name:string, spouse:t >. Then:

o1 = aggregate({id, name})(person)(og)

= us. < person:ut. < id:oid, name:string >, spouse:s >
o9 = de_aggregate(person)(oy)

= 09.

0

Using Lemma 10.2, we can deduce that for every combination of a type transfor-
mation and a type there exists an inverse type transformation.

Lemma 10.4 Let F be a type transformation and 7 be a type. Then there exists
a type transformation F', such that F'(F(7) = 7.

Proof. Let 7' be F(7). According to Lemma 10.2, there exists a type transforma-
tion F', such that F'(r') =p 7. Hence, F'(F(r)) = F'(7')=p 7. O

Transformational type equivalence is weaker than the notions of type equivalence
of Chapter 4.

Lemma 10.5 Let 7; and 75 be types. Then:
T1 Zp T2 = T1 Zirans To-
Proof.

T =p T =
T 2T =
rd(m) =p rd(m2) =
notransform(rd(m)) =p rd(m) =
rd(T1) =trans 7d(T2) =
T1 gD Td(Tl) =trans T‘d(Tg) gD T, =

~Y
T1 =trans T2-
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Types can be rewritten by applying de-tupling and de-aggregation operations.

Definition 10.6 Let 7 be a type. The flattened form of 7, denoted by nf(7), is
defined as follows:

nf(t) =t if t € TypeVar
nf(B) = B if B € BTypes
nf({v}) = {nf(v)}
nf(<lytvr, oy ly vy >) =

collapse(< Iy : nf(v1),- -+, ln : nf(vn) >)
nf(pt.c) = pt.(nf(a)) if t € fvars(c)
nf(ut.a) = nf(a) if t € fvars(a),

where collapse(7') is obtained from 7’ by applying the following rewrite rules until
they cannot be applied any more:

L<lyivg, oo lii<liion, ol iog >l i v >—
<ll :vl)"',u({ll,"'aln}_{li}alll):‘713"'a
I/({ll,"',ln}—{li},l;‘:):Uk,"',"‘,ln:'vn>

2.<l:v>—0 v

where v is a function from (L) x £ to L, such that v(L,l) =1 ifl ¢ L and
v(L,l)¢ Lifle L. O

Since every type has exactly one flattened form, the rewrite process is a normali-
sation process and the resulting flattened forms are normal forms (different from
the normal forms of Chapter 4). Furthermore, the normalisation process preserves
derivable equality.

Lemma 10.7 Let 7, and 75 be types. Then:
T =p T2 = nf(11) =p nf(7).

Proof. If F € BT, then the lemma follows from a simple case distinction w.r.t.
F. If F € CT — BT, the the lemma follows from an induction argument on the
structure of F. O

The following lemma gives the relationship between transformational equality and
normal forms.

Lemma 10.8 Let 71 and 75 be closed types. Then:
T1 =trans T2 < nf(Tl) o nf(TZ)a

where ~ is defined as follows: vy ~ vy & 3F € CT yen[F(v1) =p v2].
Proof of =. Let 7 be a type and F be a type transformation in BT renagg =
BT en U BT 444. By a simple case distinction w.r.t. F, it follows that:
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nf(7) ~ nf(F(7)).

Let 7 be a type and F' be a type transformation in C7 renagg — B7 renagg- By a
simple induction on the structure of F', it follows that:

nf(1) ~ nf(F(1)).

Since 71 =yrans T2, there is a type transformation F, such that F(r) =p 7.
Hence:

nf(r1) ~ nf(F(m1)) =p nf(2).

From the definition of ~, it follows that: nf(r) ~ nf(72).

Proof of <=. Since nf(71) ~ nf(73), there is a renaming operation F' € C7 ¢, such
that F(nf(m1)) =p nf(72). Note that every application of a rewrite rule in the
normalisation process can be obtained by a combination of a number of renaming
operations and a de-aggregation operation. Hence, there are type transformations
Fy and F3, such that:

F(Fi(m)) =p Fa(m).

Furthermore, from Lemma 10.4 we can deduce that there is a type transformation
F3, such that F}(Fy(m3)) =p 7. It follows that:

Fy(F(Fi(n))) =p F3(Fa(r2)) =p 72.

Hence, 7 =¢pqns 72. O

10.2 Soundness

In this section, we define semantic type equivalence and prove soundness of trans-
formational type equivalence. To define semantic type equivalence, we have to
define applied type variables, preterms, data capacity functions, and unfolded
forms. The set of applied type variables of a type is given by the following defi-
nition.

Definition 10.9 Let 7 be a type. The set of applied type variables of 7, denoted
by avars(), is defined as:

avars(t) = {t} if t € TypeVar

avars(B) =0 if B € BTypes

avars({v}) = avars(v)

avars(< ly : vy, by i Uy >) = avars(vy) U - - - U avars(vy,)
avars(pt.c) = ava'rs(a).
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The set of preterms of a type is the set of terms of depth 1.

Definition 10.10 First, for every basic type B and every natural number n,
we postulate Cons(B,n) as a subset of Consp consisting of n elements, and, for
every type variable ¢ and every natural number n, we postulate Var(t,n) as a
subset of Var; consisting of n elements.

Let 7 be a type, such that avars(r) = {t;,,---,t;, }, where i; < --- < i,. Fur-
thermore, let p' = (p1,p2,p3,p4) and ¢ = (g1, -, gn) be natural number vectors.
The set of preterms of 7 w.r.t. § and ¢, denoted by preterms(r,p, q), is defined
as follows:

preterms(t;;, p,q) = Var(ti;,q;) if ti; € TypeVar,
preterms(B;, P, q) = Cons(B;,p;) if B; € BTypes,
preterms({v},p,q) = { {e1, -, en} | Vi€ {1, -, n}[e; € preterms(v,p, )]},
preterms(< 1y 1 vy, -yl i v >,5,9) =

{<li=e, - ,lp =€, >|Vie {1, ---,n}[e; € preterms(v;, P, §)]},
preterms(ut.a, p, q) = {pux.e | z € Var(t,1) A e € preterms(e, p,q)},

where B; denotes type oid, By denotes type integer, B3 denotes type rational,
and By denotes type string. O

Note that every set of preterms is finite. The data capacity function of a type is
defined as follows.

Definition 10.11 Let 7 be a type, such that avars(r) = {t;,, -, t; }, where
i3 < -+ < i,. The data capacity function of type 7, denoted by X, is defined as:

AP AG. x(7, P, q),

where p'= (p1,p2,p3,ps) and ¢ = (q1,- - -, ¢n) are natural number vectors and:

x(ti;,P,9) = ¢; if ti; € TypeVar,

x(Bi,P,q) = pi if B; € BTypes,

x({v}, 7, q) = 2(»PD),

X(< ll TV, 'alm tUm >’ﬁ)‘n = X(Ulyﬁ:q‘) X X X(vrruﬁ,‘D?
x(ut.a, B, q) = x(a, P, q),

where B; denotes type oid, By denotes type integer, B denotes type rational,
and By denotes type string. O

Lemma 10.12 Let 7 be a type. Then data capacity function ¥, is injective in
every parameter.

Proof. From a simple induction argument on the structure of 7, it follows that
AP AG. x(7, P, q) is strictly increasing in every parameter p; and every parameter
g. 0
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The data capacity function of a type gives the number of preterms of the type.

Lemma 10.13 Let 7 be a type, such that avars(r) = {t;;,---,t;, }, where
73 < -++ < i,. For every natural number vector p = (p1,p2,ps,ps) and every
natural number vector ¢ = (g1, -, qn):

Xx+(P, q) = | preterms(r, 7, q) |.

Proof. Using the definition of preterms and the fact that every set of preterms is
finite, we can deduce that:

| preterms({v}, 7, q) | = | pan(preterms(v,p,q)) | = | p(preterms(v, p, q)) |-

The lemma follows from this fact and an induction argument on the structure of
T (cf. [1]). O

The unfolded form of a type w.r.t. a type variable t is obtained by replacing every
occurrence of t by the type that defines t (i.e., starts with ut).

Definition 10.14 Let 7 be a type. Finally, the unfolded form of 7 w.r.t. t,
denoted by unfold(t,t), is defined as:

unfold({v},t) = {unfold(v,t)}

unfold(< -+, l:v, -+ > t) = < -+, unfold(v,t), -+ >
unfold(ut.a,t) = elim(aft \ pt.al,0)

unfold(pt'.a',t) = pt'.(unfold(a',t)) if t' #t,

where t € bvars(v) and t € bvars(a'), and elim eliminates the second occurrence
of ut' whenever one ut' occurs in the range of another put’:

elim(t', V)=t if t' € TypeVar
elim(B,V) =B if B € BTypes
elim({v}, V) = {elim(v, V)}
elim(<ly vy, lm 1 v >, V) =
<ly:elim(v,V), - L : elim(vy,, V) >
elim(ut'.a', V) = elim(a', V)
ift'eV
elim(ut'.o', V) = ut'.(elim(a, V U {t'}))
A%

O

Semantic type equality and semantic type equivalence are defined in terms of data
capacity functions.

Definition 10.15 Let 7; and 75 be types. Semantic equality of 7; and 79, denoted
by 71 =sem To, is defined as follows:
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TL =gem T2 € 1[T1 =D V1 A Xv; = Xrp A
Vt € avars(v1)[Xunfold(vy,t) = Xunfold(rz,t)))-
Semantic equivalence, denoted by 2,.,,, is defined by:
T Ygem T2 & v € TypesTvg € Types[ry Zp vi ATe Zp V2 AU =gem V2,

where = denotes extensional equality of functions, which is the standard notion
of equality for functions. O

Semantic type equivalence is weaker than the notions of type equivalence in Chap-
ter 4 (cf. Lemma 10.5).

Example 10.16 Let o be ut;. < a: < aj:integer, as:{t;} >, bistring > and o
be pts. < a:integer, b:{ty }, c:string >. Then 01 &, 02, because 01 =,em 03:

Xoi = Xoz = APAG.(p2 X 27 X pg) ,
Xunfold(o’l,tl) = Xunfold(ag,tz) = )\ﬁ/\Q(P2 X 2(p2X2 xP4) X P4)

However, o1 2%p 09. O
Finally, we prove that transformational equality is sound w.r.t. semantic equality.
Theorem 10.17 Let 7; and 79 be closed types. Then:

TL =trans T2 = T1 =sem T2-

Proof. Let T be a type and F be a basic type transformation. By a case distinction
w.r.t. F, it follows that:

Bler) =qe,7-

Let 7 be a type and F be a complex type transformation in C7 renagy- By an
induction on the structure of F, it follows that:

Fr) =40m, 7.

Now, SUppose 7| =trans T2, 1.€., there is a type transformation F' € C7T renagq, such
that F(m1) =p 79. Then:

T1 =sem F(Tl) =D T3
From the definition of =,.,,, it follows that: 7 =¢p, 7. O

From this theorem and the definitions of transformational and semantic equiv-
alence, it follows that transformational equivalence is sound w.r.t. semantical
equivalence.
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10.3 Completeness

In this section, we prove that transformational type equivalence is complete with
respect to semantic type equivalence.

The proof of completeness is based on a number of lemmas which will be
proven first. To prove the lemmas, we have to define the head of a type and the
tails of a type.

Definition 10.18 Let 7 be a type. The head of 7, denoted by hd(7), is defined
as:

hd(t) =t if t € TypeVar

hd(B) = B if B € BTypes

hd({v}) = {hd(v)}

hd(<ly tvy, i om >) = <ly: hd(vy), -y I ¢ hd(Vg) >
hd(pt.c) = t.

Let t be a bound type variable in 7. The tail of 7 w.r.t. ¢, denoted by ti(7,t), is
defined as:

{v},t) = tl(v,t)

<o livugeee>t) = t(v,t)
ut.a,t) = pt.o

wpt'.al t) = tl(a,t) ift' #t

tl
tl
tl
tl

—~ o~~~

where t € bvars(v) and t € bvars(a'). O

The following lemma gives the relationship between the head and the tails of a
type.

Lemma 10.19 Let o be a type and V be avars(hd(c)) N bvars(c). Then:
hd(o)[t\ ti(o,t) |t € V] =0.

Proof.

The lemma follows from an induction argument on the structure of type 0. If o is a
basic type or a type variable, then V = 0 and, hence, hd(o)[t\tl(o,t) |t € V] = 0.
If 0 = {o'}, then:

hd(o)[t\ ti(o,t) |t € V] =
{hd(a")}[t\ ti(a',t) |t € V] =
Eh:i}(a_’)[t\ ti(a',t) | teV]}=

Ifo=<ly:01, -+,l, : 0, >, then:
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hd(o)[t \ ti(o,t) |t € V] =

<ly:hd(or), -, lp: hd(on) > [t \ ti(o,t) [t € V] =

<ly:hd(oy)[t\ ti(or,t) |t € Vi, ln : hd(on)[t\ tli(on,t) |t € Vo] =
&y 101y gl T 3= 0.

If 0 = ut'., then V = {t'} and hd(0)[t' \ t(o,t')] =¢'[t' \o] =0. O

The following two lemmas give the relationship between the data capacity func-
tions of a type and the unfolded form of the type.

Lemma 10.20 Let o be a type and ¢ be a type variable in bvars(o), such that
t =t; for some j. Then:

Aﬁ)‘q_‘-Xu,nfold(a',t) (ﬁy ‘D = )‘ﬁA‘T-XU(ﬁr ‘ﬂ:qj \ th(a,t)(ﬁy :‘7)]),

where ¥ contains the type variables that occur in tl(o,t).

Proof.

The lemma follows from an induction argument on the structure of type o. We
give a proof for the non-trivial case: o = pt.a. Let there be n occurrences of ¢
in a. Let o' be a, with every occurrence of ¢ replaced by a unique member of
{ti,, -+, t;i, }, which is a set of new type variables. Then:

Xunfold(o,t) = Xelim(a[t\o]) =
Xa’[t;l\elim(a,Vl),---,tin\elim(a,Vn)] =
Aﬁ)\ti(Xa'(ﬁ, '!,-/')[(Iil \ Xd(ﬁ) q-‘)v Ty iy, \ XU(];’ ‘D]) =
/\ﬁAq‘(th(ﬁ: q)[qj \ Xa(ﬁ’ ‘T)]) = ’\ﬁAq‘(Xa(ﬁi ‘D[QJ \ Xa(ﬁ: ‘T)])»

where the V;’s are the sets induced by applying elim, and § contains the type
variables that occur in /. O

Lemma 10.21 Let o and o’ be types and t be a type variable in bvars(o) N
bvars(o'). Then:

(Xo = Xo' A Xunfold(a,t) = Xunfold(a',t)) = Xti(a,t) = Xtl(o",t)"

Proof.

Suppose Xo = Xo' and Xunfold(a,t) = Xunfold(o',t)- Furthermore, Suppose Xti(o,t) #
Xti(o',t)- Then:

AﬁA‘T'XunfoId(a,t)(ﬁv ‘f) =
AAGX (P, (95 \ X, (P, §)]) #
)‘p)‘Q-Xa(p’ q_Iqj \ th(o’,t)(pv ?j)]) =
APAQ'XU’(pa ﬂq] \ th(a’,t)(p: y)]) = ’\p)‘q'Xunfold(a’,t)(p) q-)a
where the first step follows from Lemma 10.20, the second from the fact that

Xo is injective in ¢; and the fact that Xxu(s¢) # Xu(o',t), the third from the
fact that x, = x,/, and the fourth from Lemma 10.20. Contradiction. Hence,

Xti(o,t) = Xtl(o',t)- O
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The following three lemmas give the relationship between the data capacity func-
tions of a number of types on one hand and the data capacity function of the
combined type obtained by substitution on the other hand.

Lemma 10.22 Let o be a type and t be a type variable in fvars(o), such that
t = t; for some j. Furthermore, let 7 be a type. Then:

Xa[t\‘r] = )‘ﬁ)‘i(XU(I?) q)[qj \ XT(I?! g‘)])v

where § contains the type variables that occur in 7 and 2" contains the type
variables that occur in o[t \ 7].

Proof.

The lemma follows from an induction argument on the structure of type o. We
give a proof for the non-trivial case: o =t. Then x,[;\,] = X- and:

Xo (P Dlgi \ x- (P 9))) = 4il9; \ X (7, 9)]) = x- (P, 9)-

Since 2 = § in this case, it follows that:

—

APAZ. (X0 (P, @)a; \ X+ (P, §)]) = APAZ.x+(P) 2) = X+
O
Lemma 10.23 Let o and o' be types and t be a type variable in fvars(c) N
fvars(c'), such that ¢t = t; for some j. Furthermore, let 7, and 7' be types, such
that ¢t € avars(7) N avars(r'). Then:

(Xa[t\r] = Xo'[t\r') N Xr = Xr') = Xo = Xo'-

Proof.

Suppose X,[¢\r] = Xo'[t\r/] @0d Xr = X,/. Furthermore, suppose x, # X,'. Then
Agj-Xo(P, q) # Agj-Xo (P, §). Without loss of generality, let Q be a natural number,
such that:

qu > Q[Xa(ﬁa‘j) > Xa’(ﬁi q-)]

Since Vg;[x- (P, q) > g;], it follows that:

a) Vg; > Q[x« (P, 4lg; \ x-(P, 9)]) > x0 (P, qlg; \ x- (B, H)])]-
Then:
Xo[t\7] = AﬁAE(XU(ﬁ’ ﬂQJ \ XT(ﬁv 37)])) 56

/\ﬁ/\f-(Xa/(ﬁ, ﬂqj \ X‘r(ﬁ_"?j)])) =

APAZ. (X0 (P 4lg; \ X+ (B 9)])) = Xore\r]5
where the first step follows from Lemma 10.22, the second from a), the third from
the fact that x, = x,/, and the fourth from Lemma 10.22. Contradiction. Hence,
XU = XU’~ D
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Lemma 10.24 Let o and o' be types, such that fvars(o) = fvars(o’) = {t; | i €
I}, where [ is a subset of the natural numbers. Furthermore, let {o; | i € I} and
{0} | i € I} be sets of types, such that t; € avars(o;) N avars(o}). Define:

T=oli\o;|i€l
m'=0'[i\o}|i €.

Then:
(Xr =X AVi € I[Xo, = Xo]) = Xo = Xo'-

Proof.
The lemma follows from | I | applications of Lemma 10.23. O

The following lemma states that the data capacity functions corresponding to the
different type variables in a type uniquely determine the levels at which the type
variables are bound.

Lemma 10.25 Let o and o' be types, such that bvars(c) = bvars(c’) = {¢; |
t € I}, where I is a subset of the natural numbers. Furthermore, let V' be
avars(hd(o)) N bvars(o) and V' be avars(hd(c')) N bvars(o'). For every i € I,
define:

H ti. Q; = tl(a, ti)
ool = tl(o', ;).

Then:
Vi€ I[Xa; = Xa] = V=V

Proof.
Suppose Vi € I[xq;, = X"'.-]' In order to prove the lemma, it is sufficient to prove
that a; contains p t;. o; if and only if o contains u t;. a}, where type oy contains
type o9 if 09 occurs in o;.

Suppose «; contains p t;. a;. It follows that x4, contains x,;, where function
X1 contains function xs if x; is the composition of x, and another function yx:
X1 = x°xz. Hence, xo! = Xa, has at least one occurrence of z;. Suppose o does
not contain u t;. ag Since x;,, has at least one occurrence of z;, a;» must contain
g t;. o;. Then xq; = X, contains Xo. It follows that Xq, # Xa/. Contradiction.

! : . !
Hence, o] contains p t;. Q. ]

Finally, we can prove that transformational equality is complete w.r.t. semantic
equality.

Theorem 10.26 Let 7, and 75 be closed types. Then:

T1 =sem T2 = T1 =trans T2-
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Proof.
For non-recursive types, the theorem follows from Theorem 5.4 in [1]. For recur-
sive types, the proof is more involved.

Suppose 71 =g4em T2. Let vy be the type, such that v; =p 7 and X, = Xr,-
For every i in I = {j | t; € avars(vy)}, define:

ut;oa; = tl(v,t;)
pti. o = tl(1e, t;)
Vi = avars(hd(e;)) N buars(a;).

From X, = Xrp, Vi € I[Xunfold(v:,t:) = Xunfold(rs,t:)], Lemma 10.21 and 10.25, it
follows that, for every 7 in I:

b) Xa; = Xal
) = avars(hd( 1)) N bvars(al).

For every ¢ in I, define 0; = p t;. @; and o! = p t;. . Using c) and Lemma
10.19, we obtain:

o; = hd(a;)[t; \ tes, t)) | t; € Vi]
o; = hd(e;)[t; \ tl(eg,t;) | t; € Vi).

From this, b), and Lemma 10.24, it follows that:
Xhd(ai) = Xhd(a})-

Using the fact that hd(e;) and hd(c)) are non-recursive types, we can conclude
that:

d) nf(hd(a)) ~ nf(hd(es)).

By an induction argument on the number of nestings of p-operators, we can
prove that, for every i € I, nf(o;) ~ nf(o}). The induction step of the induction
argument is:

nf(eq) = nf(hd(ai)lt; \ (e, t;) | t; € Vi]) =

nf(hd(a;)[t; \ o; | tj € Vi) =
(nf(hd(az)))[ \ nf(UJ) | t; € Vi] ~
(nf(hd(a))))[t; \ nf(o}) | t e Vi =
nf(hd(a})[t; \ o} |t ¢ V])
n}’ghfi)( )[t \ ti(ag, t;) |t € Vi]) =

where the first step follows from Lemma 10.19; the second from the definition of
tl and the fact that v; contains «;; the third from the definition of nfand the fact
that every t; occurs free in «;; the fourth from the induction hypothesis and d);
the fifth from the definition of nfand the fact that every t; occurs free in a;; the
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sixth from the definition of ¢/ and the fact that 7, contains «; and the final from
Lemma 10.19 and c).

From vy = hd(v1)[t; \pn tj. aj | t; € V], where V = avars(hd(v,)) N bvars(vy),
Lemma 10.19 and 10.25, it follows that:

T = hd(Tg)[tj \yt]-.a} [ tj (S V]

Using Xv, = Xrp, b), and Lemma 10.24, we can conclude that xx4(v1) = xrda(T2).
Hence, nf(hd(v1)) ~ nf(hd(72)) and, because of the fact that nf(o;) ~ nf(o}),
nf(vi) ~ nf(me). That is, 71 =trans T2. O

From this theorem and the definitions of transformational and semantic equiva-
lence, it follows that transformational equivalence is complete w.r.t. semantical
equivalence. Using the result of the previous section, we can conclude that trans-
formational equivalence is sound and complete w.r.t. semantical equivalence.






Chapter 11

Combined approach

In this chapter, we adapt the approach of Chapters 6 and 7 to cope with keys,
query methods, method calls, and object creation. Again, we want to compare
and integrate schemas by their real world semantics, where attributes, constraints,
and query methods correspond to different kinds of structural (i.e., state-related)
properties and update methods correspond to behavioural (i.e., transition-related)
properties. It follows that we can compare and integrate classes by integrating
attributes, constraints, update methods, and query methods separately. For that
purpose, we adapt the subclass relation of Chapter 6 and the join operator of
Chapter 7.

Furthermore, we extend the approach using schema transformations to detect
schemas that are the same modulo a transformation and we show that syntactic
properties of methods can be used to choose among a set of integration mappings
or a set of schema transformations.

11.1 Comparison of classes

To adapt the subclass relation, we have to consider comparison of attributes,
comparison of keys, and comparison of methods. The comparison of attributes
is exactly the same as in Chapter 6, based on the subtype morphisms of that
Chapter. The comparison of keys is just testing for equality. The motivation for
this choice is that keys cannot imply other keys (cf. Armstrong’s axioms [62]).

To adapt the comparison of methods, we have to redefine specialisations of
functional forms and generalisations of methods. The specialisation of a functional
form of a method is obtained by extending it to the type of a subclass.

Definition 11.1 Let H be a well-defined class hierarchy, C; and Cy be classes
in H, and ¢ be a subtype morphism from type(C;) to type(Cs). Furthermore, let

157
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meth be an update method in u_meths(C;) and F' = Acount:integerAobj:type(Ct)
AP.f be func,(Cy, meth). Functional form SZ(F) is defined by:

Aobj:type(Ca)AP. S, (f, empty),

where S, is the same as in Definition 6.11 of Chapter 6, with the following addi-
tional item:

Sy (newid(e), p) = newid(e)

Now, let meth = m(P — I:T) = F be a query method in ¢ _meths(C;) and F =
Acount:integerAobj:type(C1)AP.f be func,(Ci, meth). Functional form SZ(F) is
defined by:

Aobj:type(C2)AP. Sy(1)(f, empty),

where

>

(B) = idestruc(B) if B € {integer, rational, string}
o({U}) = {a(U)}

¢(< bislUs ;wv s Uy >) =<l = ¢(U1), s Ly = @(Un) >)
@(name(Ch)) = ¢

¢(name(D)) = idestruc(type(D))

if D € H and name(D) # name(Ch).

0O
The generalisation of a method is obtained by projecting it on a superclass.

Definition 11.2 Let H be a well-defined class hierarchy, C; and C; be classes in
H, and ¢ be a subtype morphism from type(C;) to type(Cs). The generalisation
of m(P) = E in C, denoted by p~}(m(P) = E), is defined as:

m(P) = ¢~ Y(E),
and the generalisation of m(P — I:T) = E in C}, denoted by ¢~}(m(P — I:T) =
E), is defined as:

m(P — 1: p=}(T)) = ¢~1(E),
where ¢! is the same as in Chapter 6, with the following additional items:

¢~ Y(B) = B if B € {integer, rational, string}
¢~ {U}) = {71 (U)}
e H< LUy, Uy >) =< liio YUy, -+, bn s o7 H(UR) >)
¢~ H(name(Cy)) = name(C1)
¢~ Y(name(D)) = name(D)
if D € H and name(D) # name(Cs)
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e . 0y) = l~3w‘—1(T)(ll- coln)
if [ is the name of the result

e~ (pm(p1, -+, pa)) = 07 H(P)m(e ™ (1), 07 (PR))
cp‘l(new(name(Cz), ay =pP1,",0p = pn)) =
new(name(C1), ¢~ (a;)=¢ 1 (p;) | i€{1, - -,n} A 3T[a;:T € atts(C1)])
¢~ Y(new(name(D),a; =p1,-**,an =Pp)) =
new(name(Cy),a; =p1,"**,an = Pn)
if D € H A name(D) # name(Cy)
¢~ Y(nself) = nself

and P is obtained from P by removing parameters that do not occur in p~*(E).
]

Now we can redefine subclass morphisms.

Definition 11.3 Let H be a well-defined class hierarchy, C; and Cy be classes
in H, ¢ be a type morphism from type(C;) to type(Cs), ¥, be a function from
u_funcs(C1) to u_funcs(Cy), and 9, be a function from ¢_funcs(C) to q_funes(Ca),
where

u_funes(C) = {func,(C, meth) | meth € u_meths(C)}
g funcs(C) = {func,(C, meth) | meth € ¢ meths(C)}.

The triple (¢, ¥y, %) is a subclass morphism from C; to C; if and only if:
1. ¢ is a subtype morphism
2. Vp € keys(C1)[®(p) € keys(C2)]
3. Vf € u_funes(C1)[Yu(f) <kunc Sp(f)]

4. Vf € q-funcs(C1)[¥q(f) <Func SE(F)]

where ® is the function from the set of paths in struc(type(Ci)) to the set of paths
in struc(type(C2)) induced by ¢. Finally, C; is a weak subclass of Cy, denoted by
C1 2%¢rass C2, if and only if there is a subclass morphism from C; to C;. O

A method is specialised if the functional form of its generalisation is the same as
the generalisation of its functional form.

Definition 11.4 Let H be a well-defined class hierarchy, C; and Cy be classes
in H, and ¢ be a subtype morphism from type(C;) to type(C2). Furthermore, let
meth be an update method in Cy. Then meth is a specialised method according
to ¢, denoted by spec,(meth, ), if and only if:

func,(Ca, meth) <%pyye Sp(func,(Cr, ™" (meth))).
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Now, let meth be a query method in Cy. Then meth is a specialised method
according to ¢, denoted by spec,(meth, ¢), if and only if:

func,(Cz, meth) <%yye SL(func,(Cy, p~" (meth))).

11.2 Integration of classes

To adapt the join operator, we have to consider joins of attributes, joins of keys,
and joins of methods. The attribute join is exactly the same as in Chapter 7,
based on the integration mappings and the type joins of that Chapter. The key
join is the intersection of the set of generalised keys.

Definition 11.5 Let H = {C},---,C,} be a well-defined class hierarchy and ®
be an integration mapping for H as defined in Chapter 7. Furthermore, let K; be
keys(C;) and K be keys(C;). The join of K; and K according to ®, denoted by
K; Us Kj, is given by:

KU K; = {¢; (k) | ke Ki Ay} (k) # L} N
{95 (k) | k € Kj A (k) # L}

O
To adapt the method join, we have to redefine the generalisation of a method set.

Definition 11.6 Let H be a class hierarchy as in Definition 11.5, C; and C;
be classes in H, U; be u_meths(C;), and U; be u_meths(C;). Furthermore, let ®
be an integration mapping for H, C; j) be (v({ci, ¢;}),0,Us({4i, 4;}),0,0), ¥i;
be the subtype morphism from type(C; j)) to type(C;) induced by ¢;; and a (as
in Chapter 7), and %;; be the subtype morphism from type(C(,-’j)) to type(C;)
induced by ¢;; and a (as in Chapter 7). The generalisation of U; in C(; ;), denoted
by ¢;J.1(Ui) and the generalisation of U; in é(i,j), denoted by w;il(Uj), are defined
by:

¥i; (Us) = {¢;} (meth) | meth € U; A spec, (meth, ¥; ;)}

zlij_’il(Uj) = {w;il(meth) | meth € M; A spec,(meth,v; )}
The generalisations of the sets of query methods of class C; and class C; are
defined in exactly the same way. O

The join of a pair of method sets according to an integration mapping is obtained
by combining the generalisations of the method sets.
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Definition 11.7 Let H be a class hierarchy as in Definition 11.5, CN(H) be
the set of class names in H, MN(H) be the set of method names in H, and
p: (CN(H)x MN(H)) —» CN(H) x MN(H) be an injective choice function
for joins of methods, such that u(V) € V for every V.€ CN(H) x MN(H). Fur-
thermore, let C; and C; be classes in H, U; be u_meths(C;), U; be u_meths(C;),
;.; and 1; ; be as defined in the previous definition, and

C(i»j) = (V({ci) cj})a 07 u@({Ai’ Aj})’ 0’ ¢1:]1(Uz))
C(jvi) = (V({C,‘, cj})a 0, qu;.({Ai, A]'})’ 0, ¢]_,11(UJ))

The join of U; and U; according to @, denoted by U; Ug Uj, is given by:

U; Ug Uj = {meth | mi(P;) = E; € ¥;} (Us) Am;(P;) = Ej € 95 (Uj)A
fune,(Clijy, mi(P;) = E;) =fync func,(Cijiy, mi(Py) = Ej)A
(r({(ei,mi), (¢j,m;)}) = (i, m;) = meth = m;(P;)=E;)A
(n({(ei,mi), (¢j,m;)}) = (¢cj, m;) = meth = m;(P;)=E;j)}.

The join of the sets of query methods of class C; and class Cj is defined in exactly
the same way. O

The pre-join of a pair of classes according to an integration mapping is defined in
terms of the attribute join, the key join, and the method join.

Definition 11.8 Let H = {C},---,C,} be a well-defined class hierarchy, where
c; = name(C;), A; = atts(C;), K; = keys(C;), U; = u_meths(C;), and Q; =
q-meths(C;). Furthermore, let ® be an integration mapping. The join of C; and
C; according to ®, denoted by C; Ug C; is given by:

(v({cisci}),0,Ai Us Aj, K; Us K, (Ui Us U;) U(Q; Us Qj)).
O

Finally, join classes, pre-join hierarchies, and join hierarchies are exactly the same
as in Chapter 7.

11.3 Application of schema transformations

Now, we define the set of factors of a class. A factor of a class C is a class that
contains a part of the attributes, keys, and methods of C.

Definition 11.9 Let H be the set of well-defined class hierarchies defined in
Chapter 8. Furthermore, let H be a hierarchy in H and C be a class in H. The
set of factors of class C is defined as:

factors(C) = {(d,0,A, K,M)|de€ CN A A C atts(C) A K C keys(C)A
M C meths(C) N HU{(d,0,A, K, M)} € H}.



162 CHAPTER 11. COMBINED APPROACH

O

Second, we give an example to illustrate that a class can be transformed in several
ways, using different factors and different transformations.

Example 11.10 Let class Employee be the following class:

Class Employee
Attributes
name : string
dob : Date
street : string
house : integer
city : string
employer : Company
Methods
move (s:string,h:integer,c:string) =
street := s; house := h; city := ¢
Endclass

and class Address be a factor of Employee:

Class Address
Attributes
street : string
house : integer
city : string
Methods
move (s:string,h:integer,c:string) =
street := s; house := h; city := ¢
Endclass.

One option to transform class Employee is to redefine Employee as a subclass of
Address (factorisation by specialisation):

Class Employeel Isa Address
Attributes

name : string

dob : Date

employer: Company
Endclass.

Another option is to redefine Employee as a class referring to Address (factorisa-
tion by delegation):
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Class Employee2
Attributes
name : string
dob : Date
address: Address2
employer: Company
Methods
move (s:string,h:integer,c:string) =
address := address.new_address(s,h,c)
Endclass
Class Address2
Attributes
street : string
house : integer
city : string
Methods
new address (s:string,h:integer,c:string — l:Address2) =
1 := new(Address2, street=s, house=h, city=c)
Endclass.

Note that, as an employee is not an address in the real world, it is unlikely that
the first option is the right choice. The second option, where employee refers to
an address (as one of its attributes) is a more reasonable choice. Now, let class
Person be a factor of class Employee2:

Class Person
Attributes
name : string
dob : Date
address : Address2
Methods
move (s:string,h:integer,c:string) =
address := address.new_address(s,h,c)
Endclass.

One option to transform class Employee2 is to redefine Employee2 as a subclass
of Person (factorisation by specialisation):

Class Employee3 Isa Person
Attributes

employer : Company
Endclass.

Another option is to redefine Employee2 as a class referring to Person (factorisa-
tion by delegation):
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Class Employeed
Attributes
person : Personl
employer : Company
Methods
move (s:string,h:integer,c:string) =
person := person.new _person(s,h,c)
Endclass
Class Personl
Attributes
name : string
dob : Date
address : Address2
Methods
new person (s:string,h:integer,c:string — l:Personl) =
| := new(Personl, name=name, dob=dob,
address=address.new address(s,h,c))
Endclass.

Since the identities of the objects in class Employee2 become the identities of the
objects in class Employee4, we redefine method ‘move’ to be applicable to objects
in class Employee4.

Yet another option is to redefine class Employee2 as a relation involving class
Person:

Class Employment
Attributes

employee : Person

employer : Company
Constraints

key employee
Endclass.

Since the identities of the objects in class Employee2 become the identities of the
objects in class Person, we do not redefine method ‘move’, because it is already
applicable to objects in class Person.
Note that, as an employee is a person in the real world, it is likely that options
one and three are more reasonable than option two, where an employer refers to
a person (as one of its attributes). O

As we have seen, a class can be transformed in several ways, using different factors
and different transformations, e.g., factorisation by specialisation, factorisation by
delegation, or redefinition as a relation. But how do we choose factors and how
do we choose between specialisation, delegation and redefinition as a relation?
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For that purpose, we introduce evidence ratios for relatedness. Weak relatedness
for a set of attributes says whether the attributes are mutually related (according
to the methods). Strong relatedness for a set of attributes says whether the
attributes are mutually related, but not to attributes outside the set (according
to the methods). Isolation for a set of attributes says whether the attributes are
not related to attributes outside the set (according to the methods).

Definition 11.11 Let H be a well-defined class hierarchy, C be a class in H, ¢
be name(C), and M be meths(C). Furthermore, for meth € M, let atts(meth)
consist of the names of attributes of C that occur in meth. Weak relatedness of a
set of attributes A C {a | a: T € atts(C)} is defined as:

| {meth € M | atts(meth) 2 A} |
| {meth € M | atts(meth) N A # 0} |

weakrel(c, A) =

Strong relatedness of a set of attributes A is defined as:

| {meth € M | atts(meth) = A} |
strongrelle, A)= | {meth € M | atts(meth) N A # 0} |

Isolation of a set of attributes A C {a | a: T € atts(C)} is defined as:

_ | {meth € M | O # atts(meth) C A} |
| {meth € M | atts(meth) N A # 0} |

isolation(c, A)

If {meth € M | atts(meth)NA # 0} is empty, then weakrel(c, A) and strongrel(c, A)
are defined to be 0, and isolation(c, A) is defined to be 1.

For a set of attributes with strong relatedness ratio 1 and any method, either
all attributes occur in the method and all attributes that occur in the method
are in the set, or no attribute in the set occurs in the method. In that case, the
attributes are strongly related. For a set of attributes with weak relatedness ratio
0, there is no method in which all attributes occur and, hence, the attributes are
not (mutually) related. And for a set of attributes with isolation ratio 1 and any
method, either all attributes that occur in the method are attributes in the set
or no attribute that occurs in the method is an attribute in the set. In that case,
the attributes are only related within the set. O

Weak and strong relatedness can help to choose a factor. If the strong relatedness
ratio of a set of attributes is high, then it is reasonable to believe that they belong
together and, hence, to factorise. On the other hand, if the weak relatedness ratio
is low, then it reasonable to believe that they do not belong together and, hence,
not to factorise.

Example 11.12 Consider class Employee of Example 11.10. The weak and
strong relatedness ratiss for street, house, city and name, dob are given by:
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strongrel(Employee, {street, house, city}) = 1
weakrel(Employee, {street, house, city}) = 1
strongrel(Employee, {name, dob}) = 0
weakrel(Employee, {name, dob}) = 0.

As we can see, street, house, and city are strongly related, whereas name and dob
are not related.

Now, consider class Employee2 of Example 11.10. The weak and strong relat-
edness ratios for name, dob, address and name, dob, employer are given by:

strongrel(Employee2, {name, dob, address}) = 0
weakrel(Employee2, {name, dob, address}) = 0
strongrel(Employee2, {name, dob, employer}) = 0
weakrel(Employee2, {name, dob, employer}) = 0.

As we can see, in both cases the attributes are not related. O

Isolation can help to choose between specialisation and redefinition as a relation. If
the isolation ratio is less than one, then specialisation is possible, but redefinition
as a relation is not, since, in that case, we have to add a method to the relation
that updates another relation or class.

Example 11.13 Consider class Employee2 of Example 11.10. The isolation
evidence ratio for name, dob, address is given by:

isolation(Employee2, {name, dob, address}) = 1.

Redefinition as a relation results in a relation (Employment) that represents a
simple association between a person and a company. Now, if we add a method to
class Employee2 that updates attribute address and attribute employer, then we
will have to add a method to Employment that creates a new person and updates
attribute employee and attribute employer. However, this method inserts objects
into a class different from the relation and should therefore not be associated with
the relation. O

So, how do we choose factors and transformations? Factors are chosen by com-
paring weak evidence ratios. If the weak evidence ratio of a set of attributes is
greater than some threshold, there is reason to assume that the attributes can
be used as a factor. If not, there is no reason. Transformations are chosen by
comparing strong evidence ratios and isolation ratios. In case the strong evidence
ratio is greater than some threshold, delegation is a reasonable option, because
the attributes are strongly related within the set and weakly related with other
attributes. In case the isolation ratio is less than one, then specialisation is possi-
ble, but redefinition as a relation is not. Otherwise, specialisation or redefinition
as a relation are both possible. It should be mentioned that, in the context of
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schema integration, schema transformations must be applied carefully and only
if necessary. In particular, this is true for factorisation by specialisation, since a
lot of new classes will be generated by this type of transformation.

The considerations for choosing factors and transformations can be used in
a heuristic algorithm to support schema integration. First, the attributes of ev-
ery class are partitioned in such a way that the isolation ratio of every element
in the partition is one, and every class is factorised by delegation if desirable.
Subsequently, for every pair of promising classes, a set of possible superclasses
is computed, and both classes are factorised by specialisation or redefined as a
relation if desirable.

Algorithm 11.14 The following algorithm is a heuristic for integrating two
database schemas (resp., DBS1 and DBS2), given thresholds for strong relatedness
and weak relatedness (resp., TSR and TWR):

integrate(DBS1,DBS2,TSR,TWR) =
for every class C in DBS1 or DBS2
do for every element A in partition(C)
do if strongrel(name(C),A) > TSR and 1 < |A| < |atts(C)|
then create class C1 as the class containing A
and the methods that refer to A;
factorise C by delegation using C1;
mark C and C1
elif weakrel(name(C),A) > TWR
then mark C
fi
od
od;
for every marked C1 in DBS1
do for every marked C2 in DBS2
do if there is a superclass C of a class in joins(C1,C2) that
can be used as a factor according to the designer
then transform(C1,C2,C)
fi
od
od

transform(C1,C2,C) =
begin let f; be an injection from atts(C) to atts(Cl) induced by C1 =< C;
let fo be an injection from atts(C) to atts(C2) induced by C2 < C;
define A1l as the attribute names in the range of fi;
define A2 as the attribute names in the range of fo;
if isolation(name(C1),A1) < 1 or isolation(name(C2),A2) < 1
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then factorise C1 and C2 by specialisation using C

elif 1 < |Al| < |atts(Cl)| and 1 < |A2| < |atts(C2)|

then factorise C1 and C2 or redefine C1 and C2 as relations
according to the choice of the designer

else factorise C1 and C2 by specialisation using C

fi

end
where partition(C) is constructed as follows:

graph(C) has a node for every attribute name in atts(C)
graph(C) has an edge between two nodes if there is a method in the set of
all methods of C' in which both attribute names occur
partition(C) consists of sets of attribute names,
one set for every connected subgraph of graph(C):
two attribute names are in the same set if their nodes are connected
two attribute names are in different sets if their nodes are not connected.

O

Note that the algorithm interacts with the designer. It should be mentioned again
that the algorithm is a heuristic and should therefore be used in close interaction
with the designer. The heuristic can be improved by combining the different
thresholds and refining the different actions. We conclude this chapter with an
example.

Example 11.15 The following class hierarchy is a part of drawing tool A:

Class Square
Attributes
pos:Pos
width:integer
Methods
set (x:integer, y:integer) =
pos := pos.set_pos(x,y)
translate (dx:integer, dy:integer) =
pos := pos.translate pos(dx,dy)
Endclass
Class Pos
Attributes
X_co:integer
y_co:integer
Methods
set_pos (x:integer, y:integer — p:Pos) =
p := new(Pos, x co=x, y co=y)
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translate_pos (dx:integer, dy:integer — p:Pos) =
p := new(Pos, x co=x co+dx, y co=y co+dy)
Endclass.

Objects in class Square have a position on the screen and a width, and can
be moved around on the screen using method set and method translate. The
following class hierarchy is a part of drawing tool B:

Class Rectangle
Attributes
pos_x:integer
pos_y:integer
width x:integer
width_y:integer
Methods
put (x:integer, y:integer) =
POS X := X; POS.y :=y
move (delta x:integer, delta_y:integer) =
pos x := pos_x + delta x; pos_y := pos_.y + delta_y
Endclass.

Objects in class Rectangle have a position w.r.t the x-axis, a position w.r.t. the y-
axis, a length, and a width, and can be moved around on the screen using method
put and method move.

Let Cg be class Square, Cp be class Pos, and Cg be class Rectangle. The parti-
tions of these classes are given by:

partition(Cg) = {{pos}, {width}}
partition(Cp) = {{x_co,y co}}
partition(Cr) = {{pos_x, pos_y}, {width x}, {width_y}}.

Now, let us use Algorithm 11.6 to integrate the class hierarchies. In the first big
loop, all classes are marked and Rectangle is factorised using delegation:

Class Rectangle
Attributes
pos:X
width x:integer
width y:integer
Methods
put (x:integer, y:integer) =
pos := pos.put_pos (x,y)
move (dx:integer, dy:integer) =
pos := pos.move pos (dx,dy)
Endclass
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Class X
Attributes
pos _x:integer
pos_y:integer
Methods
put_pos (x:integer, y:integer — 1:X) =
| := new(X, pos x=x, pos_y=y)
move _pos (dx:integer, dy:integer — 1:X) =
] := new(X, pos x=pos x+dx, pos_y=pos_y+dy)
Endclass.

Let C; be the new class Rectangle and Cx be class X. In the second big loop,
the only interesting join sets are:

joins(Cp,Cx) = {7p(Cp)} = {7x(Cx)}
jOins(CS)C}i) = {75(05)}a

where the ’s are rename functions replacing attribute names and method names.

Suppose the designer chooses C'p as a factor to factorise Cp and Cx (redefi-
nition as a relation is not possible). Since Cp and Cx are equivalent, it suffices
to remove Cx and redefine every class D that refers to Cx by replacing the oc-
currences of X in D by Pos and redefine every method in D in which an attribute
or method name name occurs that refers to an attribute or method of Cx by
replacing these occurrences of name by the corresponding attribute or method
name in Pos. Let C% be the redefined class Rectangle and suppose the designer
chooses the following class as a factor to factorise C's and C} (again, redefinition
as a relation is not possible):

Class Figure
Attributes
pos:Pos
Methods
set (x:integer, y:integer) =
pos := pos.set_pos (X,y)
translate (dx:integer, dy:integer) =
pos := pos.translate_pos (dx,dy)
Endclass.

Then the integrated class hierarchy will consist of class Pos, class Figure, and:

Class Square Isa Figure
Attributes
width:integer
Endclass
Class Rectangle Isa Figure
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Attributes
width x:integer
width y:integer
Endclass.

Note that the only real choice made by the designer is the choice to factorise
Square and Rectangle using Figure instead of Square. O






Chapter 12

Conclusion

In this final chapter, we summarise and evaluate the theory developed in Part I
and Part II of this thesis. Furthermore, we discuss some directions for further
research.

12.1 Summary

In Part I, a theory for comparing and integrating database schemas has been
developed in the context of an object-oriented data model. An object-oriented
data model has been chosen, because such a data model offers an integrated
formalism for defining both structure and behaviour.

In Chapter 3, object-oriented database schemas have been introduced and
formalised in terms of types and functions. An object-oriented database schema
consists of classes related by a subclass relation. A class defines the structure of
its instances in terms of attributes and the behaviour of its instances in terms
of methods. Redefinition of attributes and methods in subclasses is restricted to
specialisation. The reason for this restriction is that specialisation preserves the
semantics of inherited attributes and inherited methods in the subclass. Further-
more, an instance at the level of a subclass hides the fact that it is specialised at
the level of the superclass.

Methods are used to query and modify instances and can be used by other
methods. In this way, methods define an interface between instances of different
classes and between instances of the same class. We have introduced a restricted
interface, where an instance is allowed to query and modify itself and to query,
but not modify, other instances. If an object wants to modify an attribute that
refers to another object, it can only modify the reference. As a result, the former
object refers to yet another object and the latter object remains unchanged. The
restricted interface simplifies method comparison, which is an important aspect
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of our approach towards schema integration.

The formalisation in terms of types and functions extends the approach de-
veloped in TM/FM [4] with recursive types. In TM/FM, object identifiers are
used to distinguish between different instances and to cope with recursive classes
and references to other classes. As a result, only a part of the structure of a class
is represented by its type; the other part is represented by a constraint. Our
formalisation uses object identifiers to distinguish between different instances and
a recursion operator in combination with type variables to cope with recursive
classes and references to other classes. The advantage is that the complete struc-
ture of a class is represented by its type, which makes attribute comparison easier.

In Chapter 4, two notions of semantic equivalence and two notions of semantic
subtyping have been introduced. Structural equivalence and structural subtyping
are defined in terms of trees, which give the relationship between underlying types
and schemas in the graph-based data model GOOD [23]. In fact, our trees can
be obtained from the graphs of GOOD by unfolding them to remove cycles and
by adding object identifiers. Extensional equivalence and extensional subtyping
are defined in terms of the extension of a type, i.e., the set of its instances.

Equivalence of instances is also defined in terms of trees, which give the
relationship between instances of underlying types and instances of schemas in
GOOD. Since types and instances are very similar, we have the following: when-
ever two types are equivalent, then so are their extensions. This means that if two
schemas are integrated using type equivalence, their instances can be integrated
as well.

Furthermore, derivation systems for type equivalence and subtyping have been
introduced, which are decidable and sound and complete with respect to structural
and extensional semantics.

In Chapter 5, equality of functional forms has been defined and proven decid-
able by means of an algorithm. This algorithm can be used to define a derivation
system for equality of functional forms. Furthermore, a subfunction relation has
been defined and proven decidable.

In Chapters 6 and 7, the subtype relation and the subfunction relation have
been combined into a subclass relation. The subclass relation compares classes by
the structure of their instances (subtype relation) and by the way these instances
are manipulated (subfunction relation). That is, classes are semantically the
same if their instances have the same structure and are manipulated in the same
way. The combination of structure and behaviour can be regarded as abstract
semantics, i.e., as an approximation to real world semantics, because behaviour
is a very important aspect of real world objects.

Furthermore, the subclass relation has been extended based on morphisms
between classes and semantic properties of methods. The (extended) subclass
relation induces a lattice structure on classes with a meet and a join operator.
The join operator, which defines the most specialised common superclass, can be
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used to factorise classes and integrate class hierarchies. Hence, schema integration
is based on the abstract semantics of the subclass relation.

In Part II, the theory developed in Part I has been extended with schema
transformations and syntactic properties of methods. To cope with transforma-
tions of methods, the data model introduced in Chapter 3 has been extended with
query methods, method calls, and object creation in Chapter 8.

Furthermore, to generalise the approach, the data model has been extended
with multiple inheritance for attributes and with keys, as well as the formalisation
of the data model in terms of types, predicates, and functions. Multiple inheri-
tance of attributes is restricted in such a way that the type of an attribute in the
subclass is a subtype of any of the corresponding types in the superclasses. The
reason for this restriction is again to preserve the semantics of inherited attributes
in the subclass.

In Chapters 9 and 10, a number of type transformations have been introduced,
a subset of which is sound and complete with respect to data capacity. The
type transformations induce transformations on predicates and functions, which
can be combined into transformations on classes. Since types and instances are
very similar, we have the following: whenever two types are equivalent after
transformation, then so are their instances. This means that if two schemas are
integrated using type transformations, their instances can be integrated as well.

Finally, in Chapter 11, the subclass morphisms of Chapters 6 and 7 have
been adapted to cope with keys and query methods. Again, the adapted subclass
morphisms induce a lattice structure on classes with a meet and a join operator.
Furthermore, schema comparison and schema integration have been extended with
transformations on classes and syntactic properties of methods. Class transfor-
mations are used to detect transformational similarities between classes. As a
result, more (and more complex) similarities can be detected before interaction
with the designer. Syntactic properties of methods are used to guide the detection
of subclass morphisms. As a result, the least promising subclass morphisms can
be eliminated before method comparison and, hence, before interaction with the
designer.

12.2 Evaluation

The goal of this thesis is to integrate object-oriented database schemas. To inte-
grate schemas, we have to compare them first. Since it is not possible to use real
world semantics, one can try to compare schemas using a (partial) approximation
to real world semantics.

In this thesis, we have compared schemas using structure and behaviour, be-
cause we think that behaviour is a very important aspect of real world objects.
The resulting approach towards schema integration has the following properties:
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1. it has a sound mathematical basis

2. it is an extension to existing approaches

3. it reduces the amount of work for the designer
4. it can be implemented in a tool.

Our approach is an extension to existing approaches, because existing approaches
do not use behaviour at all, nor do they use transformations to detect similarities
between schemas. The use of behaviour makes our approach more complete in
a semantic sense and reduces the amount of work for the designer. The use of
transformations makes it possible to detect more complex similarities between
schemas. Our approach can be implemented in a tool, because it has a formal
basis and all properties are decidable.

Finally, although the amount of work for the designer has been reduced, the
comparison algorithm itself has high complexity. To overcome this problem, we
have introduced syntactic properties of methods to decrease the number of method
comparisons.

12.3 Further research

The first direction for further research is generalisation and improvement of the
theoretical framework. Possible generalisations and improvements are:

1. extension of the data model
2. refinement of the abstract semantics
3. reduction of the computational complexity.

The data model can be extended with new types, such as discriminated union
types and function types, with new static constraints, based on a first order lan-
guage, with new methods, such as Oj-like update and query methods [34], and
with dynamic constraints, based on process algebra. To cope with these ex-
tensions, the subclass relation introduced in Chapter 11 has to be generalised.
Fortunately, the join operator for the generalised subclass relation is obtained in
exactly the same way as for the original subclass relation. This means that our
approach towards schema integration is still applicable. However, since equiva-
lence of general constraints and general methods is undecidable, we have to use a
heuristic approach to compare constraints and methods. The heuristic approach
can be based on sufficient conditions or on probabilistic equivalence relations.
Furthermore, the data model can be extended with multiple inheritance for
methods and with a database level on top of the class definitions. The database
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level contains class definitions, but also database constraints and database meth-
ods, similar to TM/FM. A database constraint is a constraint on objects of dif-
ferent classes and a database method is a method that manipulates objects of
different classes. Since constraints at the class level can only define constraints on
objects of the same class and methods on the class level can only define methods
that manipulate objects of the same class, the database level is required in order
to define complex applications.

The abstract semantics of class hierarchies can be refined by extending the set
of characteristics used for schema comparison; for example, linguistic information
or information from a data dictionary. Furthermore, the abstract semantics of
class hierarchies can be refined by extending the set of schema transformations in
order to obtain new schema equivalences.

The computational complexity can be reduced by using a heuristic approach
to decrease the number of method comparisons and to reduce the complexity of
one method comparison. The number of comparisons can be reduced by using
properties of methods and the complexity of a comparison can be reduced by
using sufficient conditions or probabilistic equivalence relations.

The second direction for further research is a practical validation of the theo-
retical framework (theoretical validation of the framework has been done in the
previous section). Practical validation should be done for real world applications,
based on the schema integration tool of the previous section.






Appendix A

Complexity of subclass
relation

First, we show that testing whether two classes have a subclass relationship is
non-deterministic polynomial time decidable (NP [27]).

Let C; and Cs be classes in a well-defined class hierarchy. Furthermore, let
the formalisation of C; and Cy be given by:

(type(Cy), funcs(Cy)) = (11, {Aobj:mi AP . f1,- -+, Aobj:T1APy. fn })
(type(Cy), funcs(C2)) = (12, {Aobj: 12 AQ1.91, - -, Aobj T2 AQm.gm }).

Now, C; is a subclass of Oy if and only if there exists a subtype morphism ¢
from type(C2) to type(Ci) and a function ¢ from {1,---,m} to {1,---,n} and,
for every 7 € {1,---,m}, a permutation Q; of Q;, such that:

a) Vi€ {1,---,m}[gen(fy), T2) =Func <p(/\obj:72)‘Q~,'.g,~)].

We can construct a witness for testing whether C; is a subclass of Cy as fol-
lows: construct a type morphism ¢ from type(Cy) to type(C2), a function ¢ from
{1,---,m} to {1,--,n}, and a permutation Q; for every ¢ € {1,---,m}. The
witness can be constructed in polynomial time and then a) can be tested in poly-
nomial time using the witness.

Second, we show that testing whether a graph has a Hamilton cycle ([27]) can be
encoded as testing whether two classes have a subclass relationship.

Let G = (N, E) be a graph, where N = {z;, --,z,} is the set of nodes and
E = {(vi,w1), -, (vp,wp)} € N x N is the set of edges. A cycle in G is a
sequence of nodes (z, x5, - -,z;), such that:

1. (zj,2iy,) € E for everyi € {1,---,q—1}
2. (z,%]) € E.

179
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A cycle in G is a Hamilton cycle if and only if every node of G occurs exactly once
in the cycle. Hamilton cycle (z},z5, -, z,) in G corresponds to a Hamiltonian
subgraph of G, viz., (N,{(z},z}),- -+, (z}_1,zL), (2}, z})}).

Testing whether graph G has a Hamilton cycle can be done by considering
every possible permutation of the nodes of G and testing whether it is a Hamilton
cycle. This can be encoded as follows. Let a; be a unique name for node z; (for
every 1 € {1,---,n}). Graph G is encoded as a class, of which the attributes
correspond to the nodes and the methods to the edges:

Class Graph

Attributes
a : string
a; : string
ay : string

a, : string
Methods

mi()=a:=b; +c

mo() =a:=by + cy

mp() =a:=b, +¢p
‘Endclass

where b; is the name corresponding to node v; and ¢; is the name corresponding
to node w;. Note that transforming a graph into a class is a polynomial time
transformation.

Hamiltonian graph HG = (N, {(z1,22), ", (Tn-1,Zn), (zn,z1)}) is encoded
in the same way as G:

Class Hamiltonian Graph
Attributes

a : string

a; : string

ay : string

a, : string
Methods

mi() =a:=a; + ay

mo() =a:=as +a3

mn—l() =a:i=ap-1+tan
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my()=a:=a, +a
Endclass.

Let Cg be class ‘Graph’, Cgg be class ‘Hamiltonian Graph’, 7 be type(Cg), ¢
be the identity type morphism on 7, {f1, -, f;} be funcs(Cg), and {g1," -, gn}
be funcs(Cyg).

Suppose h = (z},z}, -+, z!) is a Hamilton cycle in G. Then there is a subtype
morphism ¢ from 7 to 7 and a function ¢ from {1,---,n} to {1,- -, p}, such that:

b) Vi€ {1, --,n}[fuiy <Func ©(9:)],

which means that Cg is a subclass of Cyg. Subtype morphism ¢ encodes h as
a permutation of the nodes of G and requirement b encodes the fact that every
edge in h must occur as an edge in graph G.

Suppose Cg is a subclass of Cyg. Then there is a subtype morphism ¢ from
7 to 7 and a function ¢ from {1,---,n} to {1,---,p}, such that:

Vie {1, -, n}fyu) <kunc P(9:)]

Then (z}, 5, -,x),), where = = z; if p(a;) = a;, is a Hamilton cycle in G.

To summarise, testing for a subclass relationship is NP and the NP-complete
problem of testing for a Hamilton cycle can be encoded as testing for a subclass
relationship. Hence, we can conclude that testing for a subclass relationship is
NP-complete as well.
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Samenvatting

Samenwerking tussen informatiesystemen wordt steeds belangrijker, omdat or-
ganisaties en delen van organisaties steeds meer (moeten) samenwerken. Denk
bijvoorbeeld aan de fusie van twee banken, waarbij de transactiesystemen gecom-
bineerd moeten worden, of aan samenwerking tussen nationale politiemachten,
waarbij informatie uitgewisseld moet worden.

Voor samenwerking tussen informatiesystemen is het nodig dat gegevensbe-
standen gekoppeld kunnen worden. Gegevensbestanden representeren objecten
in de ‘echte wereld’, zoals personen en auto’s. Koppeling kan op verschillende
manieren gerealiseerd worden, afhankelijk van factoren zoals heterogeniteit en
autonomie van de subsystemen. Welke keuze er ook gemaakt wordt, er zal altijd
schema integratie aan te pas komen.

Een schema beschrijft hoe objecten er uit kunnen zien (structuur) en hoe
objecten kunnen veranderen (gedrag). Schema integratie is het proces om een
aantal schema’s te verenigen tot een nieuw schema dat correct, minimaal en be-
grijpelijk is. Minimaliteit eist dat we kunnen detecteren of twee delen van ver-
schillende schema’s hetzelfde concept representeren volgens de semantiek van de
‘echte wereld’. Dit maakt schema integratie tot een zeer moeilijk proces. In
het algemeen bestaat schema integratie uit vier fasen, waarvan vergelijking en
aanpassing de twee belangrijkste zijn. In de vergelijkingsfase worden schema’s ge-
analyseerd om overeenkomsten en conflicten tussen schema’s te detecteren. In de
aanpassingsfase moeten de conflicten uit de tweede stap worden opgelost, onder
andere met behulp van schema transformaties.

Bestaande methoden voor schema integratie kijken naar structuur en niet
naar gedrag. Dit proefschrift beschrijft een methode die op een aantal punten
verschilt van de bestaande. Zo worden er al in de vergelijkingsfase schema trans-
formaties gebruikt om overeenkomsten tussen objecten te bepalen. Ook wordt er
naar gedrag gekeken om overeenkomsten tussen objecten te detecteren. In het
eerste deel worden object-georiénteerde schema’s geintroduceerd en vertaald naar
formele typen en functies. Ook wordt beschreven hoe typen, die structuur repre-
senteren, geintegreerd kunnen worden en hoe functies, die gedrag representeren,
geintegreerd kunnen worden. In het tweede deel worden de schema’s uit het eerste
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deel uitgebreid en de vertaling naar formele typen en functies aangepast. Verder
worden integratie van typen en integratie van functies uitgebreid met behulp van
schema transformaties.

Voordelen van de in dit proefschrift beschreven methode zijn: zij heeft een
formele basis, is een uitbreiding op bestaande methoden, reduceert de hoeveelheid
werk voor de gebruiker en kan geimplementeerd worden in een tool.





