T

{ }

1 1 2

1

2

Abstract

1 In tro duction

A F ormal T emp oral Ob ject-Orien ted Data Mo del

Elisa Bertino Elena F errari Giov anna Guerrini

snapshot

tuple timestamping

attribute timestamping bertino@hermes.mc.dsi.unimi.it, ferrarie@dsi.unimi.it

guerrini@disi.unige.it

T emp oral databases are an active and fast growing research area. Although many exten-

sions to the relational data mo del have b een prop osed in order to incorp orate time, there is no

comparable amount of work in the context of ob ject-oriented data mo dels. This pap er presents

Chimera, a temp oral extension of the Chimera ob ject-oriented data mo del. The main con-

tribution of this work is to define a formal temp oral ob ject-oriented data mo del and to address

on a formal basis several issues deriving from the intro duction of time in an ob ject-oriented

context.

Dipartimento di Scienze dell’Informazione - Universit` a di Milano

Via Comelico, 39/41 - I20133 Milano, Italy

Dipartimento di Informatica e Scienze dell’Informazione - Universit` a di Genov a

Viale Benedetto XV, 3- I16132 Genov a, Italy

Time is an imp ortant asp ect of most real-world phenomena. Conventional database systems do

not offer the p ossibili ty of dealing with time-v arying data. The content of a database represents

a of the reality in that only the current data are recorded, without the p ossibil ity of

maintaining the complete history of data over time. If such a need arises, data histories must b e

managed at application program level, thus, making the management of data very difficult, if at all

p ossible. T o overcome the lack of effective time supp ort in database systems, in the past years there

has b een a growing interest in extending data mo dels to deal with temp oral asp ects [18, 20]. Most

prop osals are temp oral extensions of the relational data mo del [8, 9, 16]. In particular, the temp oral

data mo dels prop osed in the literature extend the relational mo del by adding a temp oral comp onent

asso ciated with tuples or attribute v alues. The extensions of the relational mo del to handle time

can b e classified in two main categories. The approach uses normalized (1NF)

relations in which sp ecial time attributes are added [16]. The approach

uses non-normalized (N1NF) relations and attaches time to attribute v alues [9]. One of the most

common approaches [8, 9] views attribute v alues as partial functions from the time domain to the

attribute v alue domain.

Research on temp oral ob ject-oriented databases is still in its early stage. Although v arious

ob ject-oriented temp oral mo dels have b een prop osed [17], there is no amount of theoretical work

comparable to the work rep orted for the relational mo del. F or example, W uu and Dayal temp oral

extension of the OODAPLEX mo del [21] addresses several problems related to the intro duction

of time in an ob ject-oriented context but not on a formal basis. By contrast, a great amount of

theoretical research is b eing carried on in the area of non-temp oral ob ject-oriented programming

1

1

T

T

T

(i) (ii)

(iii)

1.1 Related w orks

Ob jects can migrate during their lifetime from one class to another.

languages and databases and theoretical foundations are b eing established [1, 3, 14]. In particular,

issues concerning typ e systems and typ e checking have b een widely investigated in a non-temp oral

ob ject-oriented framework [2, 5]. These issues, however, have never b een addressed in the framework

of temp oral ob ject-oriented data mo dels. Thus, the extension of established foundations to temp oral

ob ject-oriented data mo dels still needs deep investigations.

In this pap er we present the Chimera data mo del, a temp oral extension of the Chimera

data mo del. Chimera is an ob ject-oriented, deductive, active data mo del, b eing develop ed as part

of the ESPRIT Pro ject Idea P6333 [12]. It provides all concepts commonly ascrib ed to ob ject-

oriented data mo dels, such as: ob ject identity

, complex ob jects, user-defined op erations, classes

and inheritance. Moreover, it provides capabiliti es for defining deductive rules, that can b e used to

define views and integrity constraints, to formulate queries, to sp ecify metho ds to compute derived

information. Finally

, it supp orts a p owerful language for defining triggers. A formal mo del has

b een defined for Chimera, providing a formal foundation for the v arious features of the Chimera

data mo del [12].

The current pap er fo cuses on selected features of Chimera. Its main contribution is to address

on a formal basis several issues deriving from adding temp oral capabilities to an ob ject-oriented

mo del. First, the notion of temp oral typ e is intro duced. T emp oral typ es handle in a uniform way

temp oral and non-temp oral domains. Then, we provide a formal definition of classes and ob jects.

The notion of consistency of an ob ject with resp ect to its class is sp ecified, keeping into account

that b oth the ob ject state and the classes the ob ject b elongs to v ary over time. Finally

, a formal

treatment of other features of the mo del, like ob ject equality

, referential integrity and inheritance

is presented. Among the novel asp ects of the prop osed mo del, let us cite its supp ort for immutable,

static and temp oral attributes, the av ailabili ty of different notions of ob ject equality and its notion

of substitutability through co ercion from temp oral to non-temp oral domains.

This pap er is organized as follows. In the remainder of this section we survey related works.

Section 2 provides a brief overview of the Chimera data mo del. Section 3 formally intro duces

Chimera typ es and v alues, while Sections 4 and 5 deal with classes and ob jects resp ectively .

Inheritance is considered in Section 6. Finally

, Section 7 concludes the pap er and outlines future

work.

In this section we compare some of the temp oral ob ject-oriented data mo dels prop osed so far. Some

of the approaches considered here are compared under a quite different p ersp ective by Sno dgrass

[17]. In [17] the emphasis is on temp oral ob ject-oriented query languages, while we consider here

only data mo del characteristics. Moreover, in [17] only the temp oral characteristics are compared,

disregarding the ob ject-oriented ones, whereas we consider b oth. T ables 1 and 2 compare the

existing prop osals along a numb er of dimensions. These dimensions can b e classified into three

broad categories: ob ject-oriented characteristics mo deled; temp oral characteristics mo deled

(that is, notions of time supp orted); how these characteristics are integrated, that is, how time

is asso ciated with ob jects.

F or the ob ject-oriented characteristics, we consider in the table only two dimensions: whether

v alues are distinguished from ob jects (and typ es from classes at the intensional level) [3, 14], and

whether class features are supp orted. As a general remark, we p oint out that most prop osed

approaches fo cus on the temp oral characteristics of the mo del and consider rather p o or (simple)

ob ject mo dels.

1 2

2

1

2

valid

tr ansaction

temp or al

immutable

non-temp or al

migr ation o o data time time v alues & class

mo del structure dimension ob jects features

[21] OODAPLEX user-defined arbitrary ob jects NO

[6] OODAPLEX linear v alid ob jects NO

[11] TIGUKA

T user-defined v alid ob jects NO

[13] MAD linear v alid ob jects NO

[19] OSAM* linear v alid ob jects NO

[15] 3DIS linear v alid ob jects NO

[7] generic linear v alid ob jects NO

Our mo del Chimera linear v alid b oth YES

Legenda:

One single time dimension is considered, but it can b e interpreted either as transaction or as v alid time.

OODAPLEX supp orts metadata, but neither [21] nor [6] consider them.

T able 1: Comparison among the existing temp oral ob ject-oriented data mo dels (I)

Concerning the temp oral asp ects, we identify the time domain considered by each approach.

In particular, we consider time structure and time dimension [17]. Most mo dels supp ort a linear

discrete time structure, whereas only few of them [21, 11] mo del a user-defined hierarchy of time

typ es. Two time dimensions are of interest in temp oral databases: time (the time a fact was

true in reality) and time (the time the fact was stored in the database). Most mo dels

consider only the first one. Although our mo del fo cuses on a single time structure and dimension,

it can b e easily extended to different notions of time.

Let us now consider how temp oral and ob ject-oriented characteristics are combined. As shown

by the table, some approaches asso ciate a timestamp with the whole ob ject state, whereas others

asso ciate a timestamp separately with each ob ject attribute. Among the approaches asso ciating

timestamps with single attribute v alues, the ma jority regards the v alue of a temp oral attribute

as a function from a temp oral domain to the set of legal v alues for the attribute. Another im-

p ortant characteristic, along which the existing approaches can b e classified, is whether temp oral,

immutable and non-temp oral attributes are supp orted. A (or historical) attribute is an

attribute whose v alue may change over time, and whose v alues at different times are recorded in

the database. An attribute is an attribute whose v alue cannot b e mo dified during the

ob ject lifetime, whereas a (or static) attribute is an attribute whose v alue can change

over time, but whose past v alues are not meaningful for the application at hand, and are thus not

stored in the database. Immutable attributes can b e regarded as a particular case of temp oral

ones, since their v alue is a constant function from a temp oral domain. F or a mo del like ours,

that distinguish es b etween ob jects and v alues, we think that the notion of non-temp oral attribute

is much more relev ant in practice than the notion of immutable one. Finally

, we have examined

whether the considered approaches mo del the history of asso ciations b etween an ob ject and its

typ e (class). Indeed, an imp ortant dynamic asp ect of ob ject-oriented databases is that an ob ject

can dynamically change typ e, by sp ecializ ing or generalizing its current one [22] (often this typ e

change is referred to as ob ject ). Thus, we distinguish the approaches keeping track of

the dynamic links b etween an ob ject and its most sp ecific class from those that do es not consider

this asp ect.

As a final remark, let us mention that, as noticed in [17], in contrast to temp oral relational

data mo dels, the sp ecification of temp oral ob ject-oriented data mo dels is in most cases informal.

In particular, none of the considered prop osals addresses the issues resulting from the intro duction oid oid functions

1

1

2

4

2

3

1

1

1

2

3

4

ob jects

classes

2 The Chimera data mo del

attributes

op er ations what temp oral kinds histories

is attribute of of ob ject

timestamp ed v alues attributes typ es

[21] arbitrary functions temp oral + YES

imm utable

[6] attributes functions temp oral + NO

imm utable

[11] arbitrary sets of temp oral + YES

pairs imm utable

[13] ob jects atomic temp oral + NO

v alued imm utable

[19] ob jects atomic temp oral + NO

v alued imm utable

[15] attributes sets of temp oral NO

triples

[7] attributes functions temp oral + YES

imm utable

temp oral +

Our mo del attributes functions imm utable + YES

non-temp oral

Legenda:

With the term we have denoted functions from a temp oral domain.

Time is asso ciated with the entire ob ject state.

The triple elements are (oid, attribute name, attribute v alue); a time interv al and a version numb er are

asso ciated with each element of the triple.

The information is not asso ciated to ob jects, it can however b e derived from the histories of ob ject in-

stances.

T able 2: Comparison among the existing temp oral ob ject-oriented data mo dels (I I)

of time in an ob ject-oriented data mo del on a formal basis. Moreover, only W uu and Dayal

in [21] discuss the consistency of an ob ject with resp ect to the classes it b elongs to, and only few

prop osals [6, 11, 21] consider the impact of inheritance in a temp oral framework. However, none

of them addresses the problems concerned with domain refinement and substitutability .

In this section we briefly review the main concepts of the Chimera data mo del that are relev ant

to this work. In Chimera, as in many other ob ject-oriented data mo dels, are abstraction

of real-world entities (such as a p erson or an employee). Each ob ject has a unique system defined

ob ject identifier ( ). The is assigned automatically by the system up on the ob ject creation

and remains immutable for the lifetime of the ob ject. Prop erties of ob jects are describ ed by

means of . Attribute v alues may change over time, without changing the ob ject identity .

Ob jects can b e manipulated by means of , which can b e built-in or user-defined. Ob jects

having similar prop erties and b ehavior are group ed into organized in inheritance hierarchies.

Chimera provides a uniform notion of ob ject, in that classes are themselves ob jects. Then, classes n 1

3 T yp es and v alues

3.1 T Chimera t yp es

T T

, ,

set

of T T set of T T

O I C I

AN

MN

B V T {B B }

O T

C I v alues

Definition 3.1 (Ob ject Typ es) integer, real, bool, character string primitives c omplex

identity

temp or al typ es

[12 ] The set of Chimer a obje ct typ es is define d as the set of

class identifiers .

structur e d typ es are characterized by their set of attributes and op erations, called c-attributes and c-op erations

resp ectively

. C-attributes and c-op erations are a mean for asso ciating a v alue or an op eration

with an entire class rather than with its instances. C-attributes can b e used to record statistical

information, like the minimum salary or the average age of employees, while c-op erations can b e

used to manipulate such v alues.

Both and are supp orted. Complex v alues are built by using construc-

tors like set, list and record. Complex v alues are defined as instances of v alue typ es. Thus, v alue

typ es provide the same function as concrete typ es commonly found in programming languages.

Chimera supp orts b oth v alues and ob jects. The constructors provided by Chimera can b e applied

to atomic v alues, complex v alues and ob jects. Therefore, constructors can b e nested and a complex

v alue may refer to an ob ject. The main differences b etween Chimera v alues and Chimera ob jects

can b e summarized as follows. First, ob jects are abstract, non-symb olic elements of the application

domain; v alues are symb olic, printable elements. A second imp ortant difference is related to the

notion of . Ob jects are describ ed by attributes but their identity do es not dep end on the

attribute v alues. Changing the v alues of an ob ject attributes do es not change the ob ject identity .

A primitive v alue is identified by the v alue itself, whereas a complex v alue is identified by the v alues

of all its comp onents. Therefore, changing a comp onent in a complex v alue changes the “identity”

of the v alue. Finally

, ob jects can b e manipulated by user-defined op erations, whereas v alues can

only b e manipulated via pre-defined op erations, which are provided by Chimera.

In this section we intro duce the set of Chimera typ es and v alues. Chimera typ es extend the

set of Chimera typ es [12], with a set of . T emp oral typ es are intro duced to typ e, in

a uniform way , v ariables for which the history of changes over time is recorded and v ariables for

which only the current v alue is kept.

In the following we briefly review the Chimera typ es, then we extend them to typ e historical

v ariables.

In the remainder of the discussion we denote with a set of ob ject identifiers, with a set

of class identifiers, that is, class names. Moreover, we denote with a set of attribute names

and with a set of metho d names. T able 3 summarizes the functions used in defining the

mo del. F or each of them the table rep orts the name, the signature, that is, the typ e of the input

parameters and of the output parameter and a brief description. The meaning of each function will

b e clarified as so on as the functions will b e intro duced in the following sections.

In Chimera the existence of a finite set = . . . of basic predefined v alue typ es is

p ostulated, containing at least the typ es and . More-

over, Chimera allows class names to b e used in the definition of typ es. The following definition

states that each class name is a (ob ject) typ e.

Chimera supp orts such as sets, lists and records. A set typ e is denoted -

( ), where is a typ e. Instances of - ( ) are sets of instances of typ e . A list typ e π

−

O I

O I

1 1 1

1

1 1

1 1 n n n

n

i

n n

n n

∈ AN

V T

• B V T ⊆ V T

•

• AN

C T V T

O T

Definition 3.2 (V alue Typ es) typ e

h typ e

s typ e

h state

s state

o lifesp an

m lifesp an

r ef

snapshot

l ist of T T l ist of T

T r ecor d of a T , , a T T , , T

a , , a n

i th T

, T , , a

T , , a T

T

T tempor al T

T T T → C T

C I × T I ME →

C I → T

C I → T

C I → T

O I × T I ME → V

O I → V

O I → T I ME × T I ME

O I × C I → T I ME × T I ME

O I × T I ME →

O I × T I ME → V

[12] The set of Chimer a value typ es is r e cursively define d as

fol lows.

the pr e define d b asic value typ es ar e value typ es ( );

if T is a value typ e or an obje ct typ e then list-of(T) and set-of(T) ar e structur e d value typ es,

r esp e ctively indic ate d as list typ e and set typ e;

if T , ar e value typ es or obje ct typ es and a ar e distinct elements of , then

r e c or d-of(a ) is a structur e d value typ e, indic ate d as r e c or d typ e.

temp or al typ es

Name Signature Description

returns the static typ e

corresp onding to a temp oral typ e

2 returns the extent of a class

at a given instant

returns the structural typ e

of a class

returns the historical typ e

of a class

returns the static typ e

of a class

returns the historical v alue

of an ob ject

returns the static v alue

of an ob ject

returns the lifespan of an ob ject

returns the lifespan of an ob ject

as a memb er of a given class

2 returns the set of oids to which

an ob ject refers at a given instant

pro jects the state of an ob ject

at a given instant

T able 3: F unctions employed in defining the mo del

is denoted - ( ), where is a typ e. Instances of - ( ) are lists of instances of typ e

. A record typ e is denoted - ( : . . . : ), where . . . are typ es and

. . . are distinct names. Instances of this typ e are records with comp onents, whose

- comp onent is an instance of typ e . Chimera allows the use of class names, i.e. ob ject typ es,

in the definition of structured typ es. Indeed, attributes of typ es structured as records, are allowed

to have classes as domains. Moreover, the definition of collections, structured as sets or lists, of

instances of classes must b e supp orted in Chimera. The following definition intro duces Chimera

v alue typ es.

. . . . . .

: . . . :

The set of Chimera typ es is defined as the union of Chimera v alue typ es and Chimera

ob ject typ es .

Chimera extends the set of Chimera typ es with a collection of . F or each

Chimera typ e , a corresp onding temp oral typ e, denoted as ( ), is defined. First, the set

2

−

− n n

n n

3.2 V alues

2

1 1

1 1

1 2 1 2

B V T

T T

∈ C T

T

• ∈ T

• C T ⊆ T

• T T ⊆ T

•

• AN

C I

T T T → C T

T

V

B ∈ B V T

B R

{ }

T I ME { }

W e elab orate on this informal definition in the following section.

tempor al T

T

T

T

T

T

T

T

T

T

, T T , , a

T , , a T

T

tempor al T

T tempor al

T T

dom

tr ue, f al se

I t , t t t

Definition 3.3 (T Chimera T emp oral Typ es)

Definition 3.4 (T Chimera Typ es)

Example 3.1 time

time

                                                            time time

project

time

temporal(integer)

list-of(boolean)

temporal(set-of(project))

record-of(task:temporal(project),startbudget:real,endbudget:real)

integer integer

real

bool

time

The set of Chimer a temp or al typ es is

define d as the set of typ es temp or al(T), for e ach T .

The set of Chimer a typ es is define d as fol lows.

is a Chimer a typ e ( );

the Chimer a typ es ar e Chimer a typ es ( );

the temp or al typ es ar e Chimer a typ es ( );

if T is a T Chimer a typ e then list-of(T) and set-of(T) ar e Chimer a structur e d typ es;

if T , ar e Chimer a typ es and a ar e distinct elements of , then

r e c or d-of(a ) is a r e c or d typ e.

L et b e a class name, b elonging to . The fol lowing ar e Chimer a typ es:

.

now

now of Chimera basic predefined v alue typ es is extended to contain also the typ e . Intuitively ,

instances of typ e ( ) are partial functions from instances of typ e to instances of typ e

.

In Chimera, temp oral typ es can b e used in the definition of structured typ es. The definition

of sets or lists of instances of temp oral typ es are allowed in Chimera. Moreover, attributes in

a record are allowed to have temp oral typ es as domain. The following definition formalizes these

concepts.

. . . . . .

: . . . :

In the remainder of the discussion we make use of the following function: : ,

which takes as argument a temp oral typ e ( ) and returns the corresp onding static typ e

. F or example, ( ( )) = .

In this subsection we intro duce the set of Chimera legal v alues . F or each Chimera typ e we

intro duce the corresp onding set of legal v alues.

F or each predefined basic v alue typ e , we p ostulate the existence of a non-empty set

of v alues, denoted as ( ). F or instance, the domain of the basic v alue typ e is the set

of reals numb ers, while the domain of the basic v alue typ e is the set . Moreover,

we assume as the domain of the typ e the domain = 0,1,. . .

, , . . . , isomorphic to

the set of natural numb ers I

N. Symb ol ‘0’ denotes the relative b eginning, while is a sp ecial

constant denoting the current time. Thus, we assume time to b e discrete. An interv al, denoted

as = [ ] is a set of consecutive time instants. It includes all time instants b etween and , t

⋃

′ ′

′ time

time

O I

∈T I ME

′ ′ ′

′

1 2

1 2 1 2 1 2

[ [ ] ]

1

1 1 1 1

1 1 1 1

Definition 3.5 (Typ e Legal V alues) i j r s

t

t

t

t

t

t

t

T

t n i t

n n t n n i i i t

t

t t

t

n n n n

i i

∪ ∩ ⊆

∈

{ }

O I

O T

C I × T I ME →

∈ C I

• ∈ ∀ ∈ T

• B B ∀ ∈ B V T

• T I ME

• ∀ ∈ O T

•

• { | ≥ ∈ ∀ ≤ ≤ }

• { | ∈ AN ∈ ∀ ≤

≤ }

• { | T I ME →

∀ ∈ }

T I ME

T I ME

T I ME

{⟨ ⟩ ⟨ ⟩} i

denotes the extension of typ e T at time .

nul l , T ;

= ( ), ;

= ;

= (c,t), c ;

- = 2 ;

- = ;

- = (a , v

;

= f f: is a p artial function such that

if is define d then .

t t t t, t

I I I I I I

t I t I

I t , t , , t , t

T

c c

c

c c

T

π t

c π c, t t c

t T t T

t

T t

T

dom B

c π

set of T

l ist of T v , , v n , v T , i, i n

r ecor d of a T , , a T v , , a v a T , i,

i n

tempor al T T

t f t f t T

t

t

tempor al T

T t tempor al T

t, f t f t

f t f t

τ , v τ , v v , , v T τ , , τ

v τ i , , n and include d. A single time instant can b e represented as the time interv al [ ], while []

denotes the null interv al, that is, the interv al not containing any time instants. The op erators of

union ( ), intersection ( ) inclusion ( ) have the usual semantics of set op erations.

Moreover is true if is one of the time instants represented by interv al . In the following

we use a set of disjoint interv als = [ ] . . . [ ] as a compact notation for the set of time

instants included in these interv als.

Note that in Chimera oids in are handled as v alues. Thus, an ob ject identifier is a

v alue of an ob ject typ e in . According to the usual terminology

, an ob ject is an instance of a

class , if is the most sp ecific class, in the inheritance hierarchy

, to which the ob ject b elongs. If

an ob ject is an instance of a class it is also a memb er of all the sup erclasses of . Therefore, we

consider as legal v alues for an ob ject typ e all the oids of ob jects b elonging to b oth as instances

or as memb ers. The set of ob jects memb ers or instances of a class changes dynamically over time.

Thus, to define the extension, that is, the set of legal v alues for each Chimera typ e, we intro duce

a function : 2 , assigning an extent to each class for each instant . F or each

, ( ) is the set of the identifiers of ob jects that, at time , b elonged to b oth as instances

or as memb ers. T o emphasize the fact that the interpretation of a typ e can only b e given by fixing

a time instant , we denote the set of legal v alues for typ e at time as [ [ ] ] , meaning that this

set can only b e given fixing a time instant .

[ [ ] ]

[ [ ] ]

[ [ ] ]

[ [ ] ]

[ [ ] ]

[ [ ( ) ] ]

[ [ ( ) ]

] [ . . . ] 0 [ [ ] ] 1

[ [ ( : . . . : ) ]

] : . . . : ) [ [ ] ] 1

[ [ ( ) ] ] [ [ ] ]

( ) ( ) [ [ ] ]

Intuitively

, given an instant the extensions of predefined basic v alue typ es are the elements of

their corresp onding domains, the extensions of classes are their explici t extents at time , while the

set of legal v alues of the structured typ es are defined recursively in term of the legal v alues of their

comp onent typ es. The extension of a temp oral typ e ( ) is the set of partial functions

from (i.e, the set of legal v alues for typ e ) to the union of the set of legal v alues for

typ e for each instant in . The v alue of a v ariable of typ e ( ) can then b e

represented as a set of pairs ( ( )), where is a partial function, is an element of and

( ) is the v alue of function at time . Usually

, the v alue of a v ariable of temp oral typ e do es not

change at each instant. Therefore, its v alue can b e represented more efficiently as a set of pairs

, . . .

, , where . . . are legal v alues for the typ e , and . . . are time

interv als, such that the v ariable assumes the v alue for each time instants in , = 1 . . . . W e

adopt this representation throughout the pap er.

3

4

⨆

⨆

1 2 1 2 2

2

1 2

3

1

=1

1

=1

1 1 1 1

1

1 1

4 t

t

t

t

t

i i

n n

i i

i i

n n

i i

i i

n n n n n

i i

n n i j

t

∈ O I ∈ ∈

• ∈

• ∈

• { } ∈

• {⟨ ⟩ ⟨ ⟩} ∈

• {⟨ ⟩ ⟨ ⟩} ∈

−

∀ ∈ T

∈ B

B

∀B ∈ B V T

∈ T I ME

∈

∈ O I ∈ C I ∈ T I ME

{ } −

−

≤ ≤

−

∈ AN

≤ ≤

{ }

̸≤ ≤

⊔

∈ T I ME ∈

Example 3.2

Definition 3.6 Typing rules for v alues

Theorem 3.1 (Soundness of typing rules for v alues) t π t

π t

,

T

nul l T

T

v dom

v

v

v

i π c, t

i c i , c , t

v T

v , , v set of T

T T

v T

v , , v l ist of T

T T

v T i n

a v , , a v r ecor d of a T , , a T a , , a

v T , t i n

t , v , , t , v tempor al T t t , i, j n

T

T

v t v T person

employee

                                                                                                                10,100 integer

                                                                                                                i employee

i ,i set of person

[5,10],12 , [11,30],5 temporal integer

                                                                                                                (name:’Bob’, score: [1,100],40 , [101,200],70 )

record of name string score temporal integer

time

time

L et b e a time instant, i and i such that i ,i ( , ) and i

( , ).

;

;

- ;

;

.

( ). The Chimer a typing rules for values ar e the fol lowing .

. L et b e the typ e de duc e d for a value

ac c or ding to rules in Definition 3.6, then ther e exists such that .

The meaning of these inference rules is the following: if the conditi ons in the rule premises (the upp er part of

the rule) are satisfied, then the rule consequence (the lower part of the rule) can b e inferred.

W e formalize these notions in the next section.

[ [ ] ]

[ [ ] ]

[ [ ( ) ] ]

[ [ ( ) ] ]

[ [ ( : : ( )) ] ]

Definition 3.5 formally defines the set of legal v alues, that is, the extension for each Chimera

typ e. In the following we intro duce the corresp onding typing rules.

:

( )

:

:

( )

:

:

. . . : ( )

=

:

[ . . . ] : ( )

=

: (1 )

( : . . . : ) : ( : . . . : )

. . .

: : (1 )

( ) . . . ( ) : ( )

= 1

In the ab ove rules, denotes the least upp er b ound of a set of typ es with resp ect to the

subtyping order intro duced in Section 6.

The ab ove typing rules are used to check whether a database state is structurally consistent,

that is, if the v alue of the attributes of each ob ject meets the requirements of the structural part

of its class definition . Such typing rules are also the basis for typ e checking the expressions of

Chimera language. The following theorems state the soundness and completeness of our typ e

system.

[ [ ] ] t

4 Classes v T

t v T T v

T

T

C

∈

∈ C I

∈ { }

∈ T I ME × T I ME

∈ AN

∈ T

Theorem 3.2 (Completeness of typing rules for v alues)

Definition 4.1 (Class Signature)

(c,type,lifespan,attr,meth,history,mc)

c

type

lifespan

attr

(a name,a type)

a name

a type

                            meth

(m name,m sign)

. L et b e a le gal value for typ e

at time , that is, , then, ac c or ding to rules in Definition 3.6, we de duc e typ e for .

signatur e implementation

static historic al

lifesp an

metaclass

A class is a 7-tuple

, wher e

is the class identifier;

static,historic al indic ates whether the class is historic al, i.e. it c ontains at le ast one

temp or al c-attribute, or static;

( ) is the lifesp an of the class;

c ontains the information ab out the attributes of the class. It is a set c ontaining an item for

e ach attribute of the class. Such an item is a p air , wher e

is the attribute name;

is the attribute domain.

c ontains the information ab out the b ehavior of the instanc es of the class. It is a set c ontaining

an item for e ach metho d of the class. Each item is a p air wher e

[ [ ] ]

The soundness can b e easily proved by induction on the complexity of the deriv ation tree,

whereas the completeness can b e proved by induction on the structure of the typ e. W e refer the

interested reader to [4] for the pro ofs.

In this section we formally intro duce the notion of class. A class in Chimera consists of two

comp onents: the and the . The signature of a class contains all the

information for the use of the class and its instances, whereas the implementation provides an

implementation for the signature. The signature of a class contains information ab out the class

identifier and the typ e of the class. A class can b e or . A class is static if all its c-

attributes are static, that is, they do not have as domain a temp oral typ e, it is historical otherwise.

Moreover, a is asso ciated with each class, representing the time interv al during which the

class has existed. As it do es not make sense to recreate a class once it has b een deleted, we make

the assumption that the lifespan of a class is contiguous, that is, it consists of a set of consecutive

time instants.

F urthermore, the class signature contains information ab out the attributes and metho ds of its

instances. Each attribute is characterized by its name, and by the typ e of its v alues. Each metho d

is characterized by its name, and by the typ e of the input and output parameters. Moreover,

the signature contains similar information ab out c-attributes and c-metho ds. Since the ob jects

b elonging to a class v ary over time, each Chimera class also maintains the history of all the

ob jects instances or memb ers of the class over time.

T o mo del in a uniform way ob ject features and class features we intro duce the concept of

. A metaclass is a sp ecial class having a class as unique instance. Each class is then seen

as an instance of a metaclass in the same way as an ob ject is seen as an instance of a class [10].

The signature of a class is formally defined as follows.

′ ′

′ ′

1 4

1 1 2

1 1

1 1

1 1 n n

n n

n n

Example 4.1

∈ MN

× × →

∈ T

∈ V

⊆ ∀ ∈

∈

{

}

{ → }

{⟨ { }⟩}

{⟨ { }⟩ ⟨ { }⟩}

T T T T , T

C C

C

C

C C

t

P E t E t t C .l if espan

π

c π c , t C .histor y .ext t t C .l if espan C

C .c c C c

T

c

ty pe

l if espan ,

attr , , , , ,

, , ,

meth ,

state , , , , ,

pr oper ext , , , , , ,

mc m

C C m name

m sign

history

History

mc

project

name

objective workplan

subproject participants

project

static

10 now

name temporal string objective string workplan set of task

subproject temporal project participants temporal set of person

add participant person project

record of average participants 20 10 now i i

10 50 i 51 now i i

project

project average-

participants

project average-

participants is the metho d name;

is the signatur e of the metho d, expr esse d as: , wher e and

T , denote r esp e ctively typ es of input p ar ameters and of the output p ar ameter of the

metho d.

, is a value c ontaining the values for e ach c-attribute, plus two temp or al values, r ep-

r esenting r esp e ctively the obje cts instanc es of and the obje cts memb ers of over time.

is a value of a r e c or d typ e, that is, it has the form

(a : v , , a : v , ext: E, pr op er-ext: PE)

wher e a , , a ar e the names of the c-attributes of , v , , v ar e their c orr esp ond-

ing values, E and PE ar e temp or al values r epr esenting the set of obje cts b elonging to class

over time;

is the identifier of the metaclass c orr esp onding to class , that is, the class of which is

instanc e.

ext pr op er-ext

L et us c onsider a class , whose instanc es ar e r ese ar ch pr oje cts. Supp ose

mor e over that obje cts of such a class have as attributes a , which is immutable during the

pr oje ct lifetime, an and a whose variations over time ar e not r elevant for the

applic ation at hand, and a and some , for which we ar e inter este d in

ke eping the whole history. The c orr esp onding Chimer a class signatur e is the fol lowing:

- ,

-

-

- - ext ,

-

-

. . . . . .

. . .

. . . . . .

The temp oral attributes and in the class history keep track of the ob jects memb ers

or instances of the class during its lifespan. They denote resp ectively

, the set of the oids of ob jects

memb ers of the class for each instant of its lifetime, and the oids of ob jects instances of the class.

Obviously ( ) ( ), , b ecause all ob jects instances of a class at a given instant

are also memb ers of the class at the same instant. F unction (cfr. T able 3), is such that, for each

class name , ( ) = ( ), for each , where is the (unique) class

such that = , that is, is the class identified by .

=

=

= [ ]

= ( ( )

) ( ) ( ( ))

( ( )

) ( ( ( ))

= ( )

= ( : : [ ] . . .

: [ ] [ ] )

=

The class in the example ab ove is a static class, since its only c-attribute

, which records the current average numb ers of pro ject participants, is static. How-

ever, instances of class are historical ob jects. If, by contrast, the c-attribute

had recorded the changes of the average numb er of participants over time, the class

would b e historical.

Let us now discuss the relationships b etween a class and its asso ciated typ es. The identifier

of a class denotes the ob ject typ e corresp onding to . Such ob ject typ e is the typ e of the

5

5

′ ′

′ ′ −

5 Ob jects

h typ e

s typ e

5.1 Ob jects

Example 4.2

{ }

•

•

{ } ≤ ≤ ≤

T ∀

•

{ } ≤ ≤ ≤

C I → T

1 1 n n

1 1 n n

k

k
m

m

k k m m

i i i i

i i
i

k k m m

k k m m

i i i

C C

, , , , C

C

, ,

C

, ,

, , , , , k m n

, , i

k , , m

C

, ,

, , , , , , k m n

,

c

c

h ty pe

s ty pe

T

Structur al typ e

Historic al typ e

Static typ e

structur al historic al static

typ e h typ e s typ e

R eferring to the class of Example 4.1:

( ) =

( ) = .

r einc arnate

Note that function returns a null v alue when its argument is the identifie r of a class whose instances are

static, whereas function returns a null v alue when its input is a class whose instances only have temp oral

attributes.

attr

a T a T

record-of a T a T

record-of a T a T

a T a T attr

a T T a T T T

record-of a T a T

a T a T attr

a T T

project record-of(name:string,subproject:project,participants:set-of(person))

project record-of(objective:string, workplan:set-of(task)) identifiers of the ob jects instances of . Supp ose that class has as comp onent the set:

( ) . . . ( ) , the following typ es can b e asso ciated to .

. It represents the typ e of the attributes of instances of . It is defined by the

following record typ e:

( : . . . : ).

. It represents the typ e of the temp oral attributes of instances of . It is

defined by the following record typ e:

( : . . . : )

let ( ) . . . ( ) 1 , b e the subset of consisting of all the pairs

( ) such that is a temp oral typ e. Then ( ) is such that = ( ), =

. . . .

. It represents the typ e of the static attributes of instances of . It is defined by

the following record typ e:

( : . . . : )

where ( ) . . . ( ) 1 , is the subset of consisting of all the pairs

( ), such that is not a temp oral typ e.

The distinction b etween , and typ e of a class will b e used in the next

section to check ob ject consistency .

Therefore, we can define three functions , , : which take as argument a

class identifier , and return the structural, the historical and the static typ e of the class identified

by , resp ectively .

In this section we first intro duce the notion of ob ject, then we investigate the notions of ob ject

consistency and integrity in a temp oral context. Finally

, we consider ob ject equality .

Chimera handles in a uniform way b oth historical and static ob jects. An ob ject is historical if

it contains at least one attribute with a temp oral domain, it is static otherwise. With each ob ject,

either historical or static, a lifespan is asso ciated, representing the time interv al during which the

ob ject exists. As for classes we assume the lifespan of an ob ject to b e contiguous. Therefore, we do

not consider a op eration like the one prop osed in [7]. The contiguity assumption do es

not diminish the mo deling p ower of our mo del. Ob jects can b e instances of different classes during

their lifetime, but we can assume that for each instant in their lifespan, there exists at least a class

to which they b elong. This class is the most general class (in the inheritance hierarchy) the ob ject

′ ′ ′ ′

1

7 4 9

2 3 2 3 8 n n

n n

n n n n

i

i

1 1

1 1

1 1 1 1

1 2 3 4 7 8 9

Definition 5.1 (Ob ject)

Example 5.1

∈ O I

∈ T I ME × T I ME

∈ V

∈ AN

∈ V

{⟨ ⟩ ⟨ ⟩}

≤ ≤

⟨ ⟩

∈ O I ∈ C I

{ {⟨ ⟩}

{ } {⟨ ⟩ ⟨ ⟩}

{⟨ { }⟩ ⟨ { }⟩} }

{⟨ ⟩}

O I → T I ME × T I ME a v , , a v

a , , a v , , v

τ , c , , τ , c τ , , τ c , , c

c

τ i n

τ , c τ now , now c

i , i , i , i , i , i , i

T

i

l if espan ,

attr histor y , , , , , ,

, , , , , , ,

, , , , , , , , , ,

cl ass histor y , ,

o l if espan

i i person employee

(i,lifespan,v,class-history)

i

lifespan

v

class-history

class-history

class-history

project

i

20 now

name 20 now IDEA objective Implementation

workplan i subproject 20 45 i 46 now i

participants 20 80 i i 81 now i i i

20 now project

name subproject partecipants

An obje ct is a 4-tuple

wher e

is the oid of o;

( ) is the lifesp an of obje ct o;

is a value, c ontaining the values of e ach attribute of o. It is a value of r e c or d typ e:

wher e ar e the names of the attributes of o, ar e their c orr esp onding

values;

is a value storing information ab out the most sp e cific class to which o b elongs

over time. It is a temp or al value:

, wher e ar e time intervals and ar e class identifier,

such that is the class identifier of the most sp e cific class to which o b elongs in the interval

, .

Supp ose that and . The fol lowing is an

example of Chimer a obje ct:

-

, ,

.

-

class-history has ever b elonged to. F or example, an employee can b e fired and rehired, but he remains instance

of the generic class , sup erclass of the class , till the end of its lifetime.

Moreover, for each historical ob ject the history of the most sp ecific class to which it b elongs

during its lifespan is recorded. On the contrary

, for each static ob ject, only the class identifier of

the most sp ecific class to which it currently b elongs is maintained. This information will b e useful

to check ob ject consistency

. The following definition formally intro duces the notion of ob ject.

( : . . . : )

. . . . . .

. . . . . . . . .

1

If o is static, records only the most sp ecific class to which o currently b elongs.

Thus contains only one pair , where = [ ] and is the most sp ecific

class to which o b elongs at the current time.

=

= [ ]

= ( [ ] ) ( )

( ) ( [ ] [ ] )

( [ ] [ ] )

= [ ]

The ob ject of the example ab ove is an historical ob ject, since it contains the temp oral attributes

, and . Thus, the comp onent keeps track of the most

sp ecific class to which the ob ject b elongs over time. In the considered example the ob ject has never

migrated, since it is an instance of the same class for all its lifespan.

In a temp oral context, some temp oral constraints must b e satisfied by ob ject lifespans. T o

formalize these constraints we define function : , that given an

ob ject oid returns the lifespan of the ob ject identified by .

Obviously

, information ab out the historical extent of a class must b e consistent with the class

history of ob jects in the database, as stated by the following inv ariant.

c

6

7

⋃

⋃

6

7

i i i

∈ ⇔ ∈

⟨ ⟩∈ −

′ ′

′ ′

′

′ ′

′ ′

′

∈C I

′ ′

5.2 Consistency notions

Inv ariant 5.1

Inv ariant 5.2

c l if espan i, c τ

t c l if espan i, c i c τ ,c o.class histor y , c subclass of c i

t

∀ ∈ O I ∀ ∈ C I ∀ ∈ T I ME

∈ ⇒ ∈

∀ ∈ ∈ ⇔ ⟨ ⟩ ∈

O I × C I → T I ME × T I ME

∀ ∈ O I ∀ ∈ C I ∀ ∈ T I ME

∈ ⇔ ∈

, let b e the obje ct such that , b e the class

such that , then

1. ;

2. - - .

, then

1. ;

2. , wher e is the class such that .

Note that ( ) = . F unctions o lifespan and c lifespan are sim-

ilar to those defined in [21].

This also implies that ( ) [ [ ] ] .

manager employee

dependents officialcar

dependents officialcar

dependents officialcar

dependents officialcar

employee

manager i , c , t o o.i i C

c C .c

i C .histor y .extent t t o l if espan i

t τ , i C .histor y .pr oper extent t τ , c o.cl ass histor y

c l if espan

i c i

c

i , c , t

o l if espan i c l if espan i, c

t c l if espan i, c i C .histor y .extent t C c C .c

t t

t

=

=

( ) ( )

( ( ))

Moreover, the lifespan of an ob ject can b e partitioned in a set of interv als, dep ending on the

ob ject most sp ecific class. Indeed, during its lifetime an ob ject can b e memb er of different classes.

Therefore, we intro duce function : , that given an ob ject

oid and a class identifier , returns the interv al representing the set of time instants in which

was a memb er of the class identified by .

The temp oral constraints stated by the following inv ariant must b e satisfied:

( ) = ( )

( ) ( ) =

The most sp ecific class to which an ob ject b elongs can v ary over time. An existing ob ject can,

at a certain p oint of its lifetime, b e inserted in a more sp ecific sub class or moved up to a more

general sup erclass with resp ect to the one in which it is created. Moreover, an ob ject can b e an

instance of the same class in different, not consecutive time instants. As an example, consider

the case of an employee that is promoted to manager, ( b eing a sub class of

with some extra attributes, like and ). The other, rather undesirable

case, is the transfer of the manager back to normal employee status (that means the loss of the

official car and of the dep endents). The migration of an ob ject from a class to another can cause

the addition or the deletion of some attributes from the ob ject. With reference to the example

ab ove, the promotion of an employee to the manager status has the effect of adding the attributes

and to the corresp onding ob ject, while the transfer of the manager

back to the employee status causes dropping the attributes and from

the corresp onding ob ject. If the attributes and are are static, they are

simply deleted from the ob ject and no track of their existence is recorded in the ob ject when it

migrates to the class . By contrast, if they are temp oral, the v alues they have assumed

when the ob ject has migrated to the class are maintained in the ob ject, even if they are

not part of the ob ject anymore.

W e require that each ob ject must b e a consistent instance of all the classes to which it b elongs.

In a context where ob jects can have b oth static and temp oral attributes, the notion of consistency

assumes a slightly different semantics with resp ect to its classical definition. V erifying the consis-

tency of an ob ject in a temp oral context requires two steps. First, it is necessary to identify for

each instant of the ob ject lifespan, the set of attributes which characterize the ob ject at time ,

as the attributes characterizing a given ob ject can v ary over time. Then, the correctness of their

v alues must b e checked. Note that, if we consider a time instant lesser than the current time,

1 k m n

′ ′

′ ′

′ ′

1 1 n n

k k m m

i i

                                     1 7

                                             1 9 2 3

T I ME

•

•

∈

•

{ } ≤ ≤ ≤ { }

•

O I × T I ME → V

O I → V

{ }

{ } t

a

o v a o t t

v

o

o

o i, l if espan, v , cl ass histor y v , ,

t o.l if espan

t k m n

o t

o t

, ,

t i k , , m

t

t

s state ,

h state , , , ,

Definition 5.2 (Meaningful T emp oral Attributes)

Example 5.2

Definition 5.3 (Historical Consistency) a v a v

a , ,a a , ,a

a v t a v t

v t a

                                     i objective Implementation workplan i

                                             i 50 name IDEA subproject i participants i i

L et b e a temp or al attribute of an obje ct

. L et b e its value. Attribute is said to b e me aningful for at time , if b elongs to the domain

of .

Historic al c onsistency

Static c onsistency

Historic al value

Static value

h state

s state

h state

R eferring to obje ct of Example 5.1:

historic al static

h typ e s typ e

An obje ct o = (i,lifesp an,v,class-history) is an histor-

ic al ly c onsistent instanc e of a class c at time t if h state(o.i,t) is a le gal value for the typ e h typ e(c ).

we are able to identify only the temp oral attributes that characterize the ob ject at time , since

for static attributes we record only their current v alues. Thus, for instants lesser than the current

time, it only makes sense to check the correctness of the v alues of the temp oral attributes of the

ob jects. Therefore, we start by intro ducing the following definition:

Note that, as the v alue of a temp oral attribute is a partial function from to the attribute

v alue domain, its domain is the set of time instants for which the v alue is defined. Therefore, the

domain of the v alue of a temp oral attribute of an ob ject represents the set of time instants in

which the attribute characterizes .

W e distinguish two kinds of consistency:

. The v alues of the temp oral attributes of the ob ject at a given instant

are legal v alues for the temp oral attributes of the class.

. The v alues of the static attributes of the ob ject are legal v alues for the

static attributes of the class.

Consider an ob ject = ( - ), such that = ( : . . . : ).

Therefore, given an instant , the following v alues can b e defined:

. It is a record representing the v alues of the temp oral attributes meaningful

for the ob ject at time . Let . . . , 1 , b e the subset of . . . ,

consisting of all the names of the temp oral attributes meaningful for at time . The historical

v alue of at time is defined as follows:

( : ( ) . . . : ( ))

where ( ) denotes the v alue of at time , = . . . .

. It is a record representing the v alues of the static attributes of the ob ject. Its

definition is analogous to that of the historical v alue, considering static attributes instead of

the temp oral ones.

Thus, we can define two functions : which takes as argument an

ob ject identifier and a time instant , and returns the record representing the historical v alue of the

ob ject at time , : , which takes as argument an ob ject identifier, and returns the

static v alue of the ob ject. Note that when an ob ject consists only of temp oral attributes, function

returns a snapshot of the v alue of the ob ject attributes for a sp ecified time instant.

( ) = ( : : )

( ) = ( : : : )

W e are now ready to formally intro duce the notions of and consistency

, by

making use of functions and (cfr. T able 3).

7

4

9

2 3

8 now

t

t

t

t

′ ′

′

′ ′

′ ′

′ ′

′ ′

′

• ⟨ ⟩

⊆

• ⟨ ⟩

∈

• ⟨ ⟩ ∈

• ∈

• ∈ ∈

• ∈ ∈

• ∈ ∈

• ∈ ∈ i task

i project

i project

i i person

i person τ , c τ

τ C .l if espan C

τ , c

τ

τ , c τ

t

t

t ,

t , now

, t , now

t , now

o

o t o

t

t o o o o

t o o

Definition 5.4 (Static Consistency)

Definition 5.5 (Ob ject Consistency)

Example 5.3

An obje ct o = (i,lifesp an,v,class-history) is a static al ly

c onsistent instanc e of a class c , if s state(o.i) is a le gal value for the typ e s typ e(c ).

An obje ct o = (i,lifesp an,v,class-history) is c onsistent if

and only if the fol lowing c onditions hold:

F or e ach p air in o.class-history, interval is c ontaine d in the lifesp an of the class

identifie d by c , that is, , wher e is the class such that C.c = c .

F or e ach p air in o.class-history, o is an historic al c onsistent instanc e of c , for e ach

instant t .

L et b e the (unique) element of o.class-history, such that . Obje ct o must b e a

static c onsistent instanc e of class c.

The obje ct of Example 5.1 is a c onsistent instanc e of the class of Example 4.1

pr ovide d that

;

, for e ach ;

, for e ach ;

, for e ach ;

, for e ach .

r efer to

r efer ential inte grity

essenc e

Checking the consistency of an historical ob ject means verifying its consistency with all the

classes to which it b elongs during its lifespan. F or time instants lesser than the current time, only

its historical consistency can b e checked, since only for temp oral v alues we have the history of all

their changes. F or the current time also the static consistency must b e checked. The consistency

of an ob ject is checked only with resp ect to its most sp ecific class. If an ob ject is consistent with

resp ect to its most sp ecific class, it is consistent with resp ect to all the sup erclasses.

now

The ab ove definition states that each ob ject, for each instant of its lifespan, must contain a

v alue for each temp oral attribute of the class to which it b elongs at time , and this v alue must b e

of the correct typ e. Moreover, at the current time also the consistency with resp ect to the static

attributes must b e checked. This notion of consistency allows to uniformly treat b oth static and

historical ob jects. In the case of static ob jects, Definition 5.5 reduces to the notion of consistency

usually adopted in traditional ob ject-oriented system [14].

[ [ ] ]

[ [ ] ] [20 45]

[ [ ] ] [46 ]

[ [ ] ] [20 ]

[ [ ] ] [81 ]

Ob jects can b e defined by means of a set of comp onent ob jects. An ob ject is said to

an ob ject at an instant , if the ob ject identifier of app ears in one of its attribute v alues at time

. In traditional ob ject-oriented system, the prop erty must b e enforced, that

is, if an ob ject is in the set, also all the ob jects to which it refers must b e in the set. Analogously

in our temp oral mo del we require that if at instant an ob ject refers an ob ject , b oth and

exist, that is, instant b elongs to the lifespan of b oth and . Moreover, the integrity of ob jects

identity is enforced through ob ject oids. The oid of an ob ject represents a time inv ariant prop erty

of the ob ject, shared by no other ob ject in the system. It is analogous to the concept of

′ ′

{ | ∈ }

∈

∈ r ef

i t

i t

i i o.i, o

t

t

5.3 Ob ject equalit y

1 2 1 2 1 2 1

2 1 2

1 2

1 2

1 2

1 2 obj obj

obj

obj

oid-uniqueness

obj

referential integrity

obj obj

oid-uniqueness

Definition 5.6 (Consistent Set of Ob jects)

Definition 5.7 (Equality by Identity)

Definition 5.8 (V alue Equality) oid-uniqueness

A finite set of obje cts is c onsistent at time

if and only if the fol lowing c onditions hold:

1.

F or e ach p air of obje cts o and o , if o .i = o .i, then o .lifesp an = o .lifesp an, o .v

= o .v and o .class-history = o .class-history;

2.

for al l obje cts o , e ach obje ct identifier in r ef(o.i,t) must b e c ontaine d in I( ).

e quality by identity

e quality by value

shal low value e quality

de ep value e quality

Two obje cts o and o ar e e qual by identity if and only

if they have the same obje ct identifier, that is, o .i=o .i.

Two obje cts o and o ar e e qual by value if and only if

o .v = o .v.

instantane ous-value e quality we ak-value e quality intro duced in [7]. Thus, for a set of ob jects to b e consistent the prop erty of must

b e ensured. These notions are formalized by Definition 5.6.

In the following definition we make use of function that, receiving in input an ob ject

identifier and a time instant , returns the set of identifiers of the ob jects to which the ob ject

identified by refers at time (cfr. T able 3). Moreover, given a set of ob jects , I( ) denotes

the set = .

Ob ject equality is a fundamental concept in ob ject-oriented languages. Chimera, like most ob ject-

oriented systems, supp orts two different notions of equality: (meaning that the

two denoted ob jects are the same ob ject), and (meaning that the two ob jects have

the same attribute v alues). Equality by v alue can b e further refined into: ,

which considers the equality of all the direct attributes of an ob ject, and , which

considers in addition to the equality of the attributes the equality of the attributes of ob jects

which are recursively reached by means of oid references. A formalization of these concepts for the

Chimera mo del can b e found in [12]. Here, we consider only shallow v alue equality .

In a temp oral context, we still have the classical notion of ob ject identity

, b eing the oid of an

ob ject a time inv ariant prop erty

. This notion is formalized as follows.

Obviously

, if two ob jects have the same oid, also all their other comp onents are equal, b ecause

of the prop erty

. Note, moreover, that the notion of ob ject identity uniformly

applies b oth to historical and to static ob jects.

V alue equality can b e formally defined as follows.

Note that the ab ove definition implies b oth the equality of the attribute v alues and the attribute

names. Definition 5.8 applies b oth to static and historical ob jects. In the case of static ob jects,

it simply reduces to the conventional notion of v alue equality

, whereas for historical ob jects the

equality of the whole history of temp oral attributes is required.

In a temp oral ob ject-oriented context, two further notions of v alue equality can b e devised:

and . Two ob jects are instantaneously v alue equal

if there exists an instant in which their attributes have the same v alues. Two ob jects are said to

8

1

7 9 2 3 8

1 n n

j j j

j j j

I S A

6 Inheritance

′

′

′ ′

′ ′

′

′ ′′ ′ ′′

1 1

8

1 2

1 2 1 2

1 2

1 2 1 2

O I × T I ME → V

≤ ≤

•

•

{ } { }

∈ ∩

∈ ∈

≤ C I

snapshot h state

i t snapshot i, t

h state i, t

Definition 5.9 (Instantaneous-v alue Equality)

Definition 5.10 (W eak-v alue Equality)

Example 5.4 t

snapshot i

t i t

a v , , a v j j n

a v o.v .a

a v o.v .a t

o i o.i i

snapshot i, t

i t now

snapshot , now ,

, , , , ,

snapshot , now t now i name IDEA

objective Implementation workplan i subproject i participants i i i

i

project project

subproject participants

project

F or historica l ob jects containi ng only temp oral attributes, the function coincides with the

function (cfr. T able 3); that is, if is the identifier of an ob ject of this kind, for any instant ( ) =

( ) holds.

Two obje cts o and o ar e instantane ously value

e qual if ther e exists an instant t o .lifesp an o .lifesp an such that, snapshot(o .i,t) = snapshot(o .i,t).

Two obje cts o and o ar e we akly value e qual if ther e

exist two instants t o .lifesp an and t o .lifesp an, such that snapshot(o .i,t ) = snapshot(o .i,t ).

R eferring to the class of Example 4.1, two obje cts having the same

curr ent state and the same history of mo dific ations for and attributes,

ar e value e qual. By c ontr ast, two obje cts having the same curr ent value for al l the attributes

ar e instantane ous (and thus, we ak) value e qual.

b e weakly v alue equal if their attributes have ever had the same v alues, also in different instants.

These notions of equality obviously make sense for historical ob jects consisting only of temp oral

attributes. Moreover, also historical ob jects containing static attributes can b e compared under

these typ es of equalities, but only at the current time, since we cannot reconstruct the v alue of

static attributes at a time instant lesser than the current time. Finally

, static ob jects can b e

compared only at the current time to o.

Let us consider a function : that given an ob ject identifier and

an instant “pro jects” the state of the ob ject identified by at time . This function returns a

record v alue ( : . . . : ) such that, for all , 1 ,

if attribute is static, = ,

if is temp oral, = ( ),

b eing the ob ject identified by ( = ) . F or historical ob jects containing also static at-

tributes, we are able to reconstruct only the snapshot at the current time, thus ( ),

with identifier of an historical ob ject with at least a static attribute, is undefined for = .

Note that, as a particular case, the snapshot of a static ob ject at any instant is its current

state. F or instance, referring to the ob ject of Example 5.1, ( ) = ( :

: ‘ : : : ,

whereas ( ), for = is undefined.

Note that the last three notions of equality do not require that the two ob jects are instances of

classes related in the inheritance hierarchy

. Obviously , v alue equality implies instantaneous-v alue

equality and instantaneous-v alue equality implies weak-v alue equality

, while equality by identity

implies all the other kinds of equality

, when they are applicable .

The usefulness of these notions of equality is exemplified by the following example.

Inheritance relationships among classes are describ ed by an ISA hierarchy established by the user.

The ISA hierarchy represents which classes are sub classes of (inherit from) other classes. W e can

supp ose this information to b e expressed as a partial order on the set of class identifiers .

6.1 Substitutabilit y

T

T

I S A

T

T

n

n n

n

i

T

i

T

T

I S A

T

T

≤

∈ T ≤

•

• ∈ O T ≤

• ≤

• ≤

•

≤ ≤ ≤

• ≤

T ≤ ⊔

≤

∈ T

≤

≤

′ ′ ′ ′

′ ′ ′ ′

′ ′ ′′ ′′

′ ′′

′ ′ ′ ′

′

′

′ ′′ ′′

1 2 2 1 2 1

1 2

2 1 1 2

2

2

1

1 2 1

2

2

1

1 2 1

1 1

1

2 1

1

2

2

1

1 2 1

1

1 2 2 1 2

Definition 6.1 (Subtyp es)

Rule 6.1 (Refinement of attribute domains)

T , T T T T T

T T

T , T T T

T set of T T set of T T T

T l ist of T T l ist of T T T

T r ecor d of a T , , a T T r ecor d of a T , , a T i

i n T T

T tempor al T T tempor al T T T

c a

c T c c c a c

T

T T

T tempor al T T T substitutability

extent inclusion

c ovarianc e rule

c ontr avarianc e rule

Given , is a subtyp e of (denote d as ) iff at

le ast one of the fol lowing c onditions holds:

;

and ;

- , - and ;

- , - and ;

- , - and for e ach ,

, ;

, and .

L et b e a class, and an attribute whose do-

main in is . L et b e a class such that , attribute in class c an have as domain

a typ e such that:

1. , or

2. , .

Inheritance has two imp ortant implic ations in Chimera, like in other ob ject-oriented data mo dels

in which classes are asso ciated with an extent. The first one is , that is, the prop erty

that each instance of a class can b e used whenever an instance of one of its sup erclasses is exp ected.

The second one is , that is, the prop erty ensuring that the extent of a class is include d

in that of its sup erclasses. In what follows we consider these two asp ects.

A set of conditions must b e satisfied by two classes related by the ISA relationship. These condi-

tions are related to the fact that each sub class must contain all attributes and op erations (b oth

on the class as well on the instance level) of all its sup erclasses. Apart from the inherited con-

cepts, additional features can b e intro duced in a sub class. Inherited concepts may b e redefined

(overwritten) in a sub class definition under a numb er of restrictions. Indeed, in Chimera the re-

definition of the signature of an attribute is p ossible by sp ecializ ing, that is, refining, the domain

of the attribute. The redefinition of the signature of an op eration must verify the

for result parameters and the for the input ones. Therefore, result parameter

domains may b e sp ecializ ed, whereas input parameter domains may b e generalized, in the sub class

signature of the op eration. W e also require that the extent of a sub class is a subset of the extent

of all its sup erclasses.

T o formally define notions such as domain refinement, we need to define an ordering on typ es.

The subtyp e relationship is defined as follows.

=

( )

= ( ) = ( )

= ( ) = ( )

= ( : . . . : ) = ( : . . . : )

1

= ( ) = ( )

The set of typ es with the ordering is a p oset. Thus, the notion of least upp er b ound ( )

is well defined (cfr. Subsection 3.2).

Given the ab ove definition of subtyping, the following rule establishes refinement conditions for

attribute domains in sub classes.

= ( )

⋃ ⋃

∈T I ME ∈T I ME

6.2 Exten t inclusion

I S A

m

t

i i i

i

m

t t

i t t

j

T t t

2 1

2 1

1

2 1

1 2 2 1 1 1 2 2

2 1

2 2 1

2 1

1

1

1 2 1 2

∈ C I ≤

⊆

∀ ∈ ⊆

∀ ∈ O I ⊆

∈ T I ME

̸≤ ≤

∩ ∅

≤ ∀ ∈ T I ME ⊆

Inv ariant 6.1

Inv ariant 6.2

Theorem 6.1 c o er cion

Given , such that , and , , then

1. ;

2. , ;

3. .

r o ot classes

L et b e the r o ot classes of the ISA r elationship, then for e ach with

, ,

If , then , holds.

c a c

o c c

a o.v .a now

a now snapshot

now

snapshot i, now .a c

a

c c a

c , c c c c C .c c C .c

C .l if espan C .l if espan

t C .l if espan C .histor y .ext t C .histor y .ext t

i c l if espan i, c c l if espan i, c

C , , C t

E xt i , , m C t C .histor y .extent t

C

C , , C i, j

i j i, j m

E xt E xt

T T t T T

This means that, as suggested in [6], a non-temp oral attribute can b e refined in a temp oral

attribute (on the same domain or on a most sp ecific one), but not vice-versa.

T o ensure substitutability

, however, we need to intro duce a function, since the v alue

of a temp oral attribute, which is a function from a temp oral domain, cannot b e substituted (from

a typing viewp oint) by a v alue of a non-temp oral attribute, which is not a function. Supp ose that

class refines the non-temp oral domain of attribute of its sup erclass in a temp oral domain.

Then, whenever an ob ject , instance of , must b e seen as an instance of , the v alue of attribute

is “co erced” to ( ), that is, the v alue of the function which is the v alue of the temp oral

attribute at the instant . The co ercion function we make use of is the function

(cfr. T able 3). By considering a snapshot of the ob ject at the instant , the co erced v alue

is ( ) . Note that this co ercion is semantically meaningful. Indeed, in we are

not interested in the history of the v alues taken by attribute . Thus, whenever we see an ob ject

instance of as an instance of , we forget the history of attribute and consider only its current

v alue.

At the extensional level, we require that in each database state the extent of a class is a subset of

the extent of its sup erclasses, as stated by the following inv ariant.

= =

( ) ( )

( ) ( )

It is imp ortant to note that in Chimera a common sup erclass of all the classes do es not exist.

Therefore the hierarchy is a DAG, consisting of a numb er of connected comp onents whose ro ots are

the classes without sup erclasses, which we call . F urthermore, since we consider ob jects

which are instances of a unique class, the sets of oids in different hierarchies, that is, hierarchies with

different ro ots, are disjoint. Consider a set of ro ot classes . . . and a time instant ,

then , = 1 . . . , denotes the extension of at time (that is, ( )) which

is the extent of the entire hierarchy ro oted at at this time. The following inv ariant must hold,

stating that the sets of ob jects that have ever b elonged to different hierarchies are disjoint (that

is, an ob ject cannot b elong to different hierarchies even at different times), since an ob ject cannot

migrate over different hierarchies.

. . .

= 1

=

The inv ariant also implies that at each time the sets of ob jects b elonging to different hierarchies

are disjoint.

Finally

, the following result holds, relating the subtyp e relationship to typ e extensions defined

in Section 3.

[ [ ] ] [ [ ] ]

T

T

7 Conclusion and future w ork

References

F oundations of Datab ases

The or etic al

Computer Scienc e

Pr o c.

First Int’l Conf. on De ductive and Obje ct-Oriente d Datab ases

Pr o c. First Int’l Conf. on Extending Datab ase T e chnolo gy

Pr o c.

of the Int’l Workshop on an Infr astructur e for T emp or al Datab ases

Pr o c. F ourth IEEE Int’l Conf. on Data

Engine ering

T emp o-

r al Datab ases: The ory, Design, and Implementation

T emp or al Datab ases: The ory, Design, and Implementation

In this pap er we have presented Chimera, an extension of the Chimera data mo del incorp orating

temp oral capabilities. W e have intro duced the notion of temp oral typ e to handle in a uniform

way temp oral and non-temp oral domains, and we have defined the set of legal Chimera v alues

for each typ e. W e have discussed the notion of ob ject consistency and integrity and we have also

investigated problem related to inheritance and ob ject identity in a temp oral framework.

W e plan to extend this work in several directions. First, we plan to extend Chimera triggers and

deductive rules with time. In particular, temp oral triggers have not b een much investigated; issues

such as termination and confluence will need to b e re-visited when dealing with temp oral triggers.

Second, we plan to define a temp oral integrity constraint language for the Chimera data mo del.

Such a language would allow, among other things, to express constraints based on past histories of

ob jects. Then, we are interested in investigating temp oral ob ject references and, more generally ,

issues related to the query language and its typing. Time-dep ende nt b ehavior is an interesting

topic of future work, to o. Finally

, implementation issues will b e investigated.

[1] S. Abiteb oul, R. Hull, and V. Vianu. . Chapter 21: Ob ject

Databases. Addison-W esley

, 1995.

[2] H. Balsters and M. F okkinga. Subtyping can have a Simple Semantics.

, 87:81–96, Septemb er 1991.

[3] C. Beeri. F ormal Mo dels for Ob ject Oriented Databases. In W. Kim et al., editors,

, pages 370–395, 1989.

[4] E. Bertino, E. F errari and G. Guerrini. A Formal Temp oral Ob ject-Oriented Data

Mo del. T echnical Rep ort, University of Milano, May 1995. (Extended V ersion of this

pap er).

[5] L. Cardelli. Typ es for Data Oriented Languages. In J. W. Schmidt, S. Ceri, and

M. Missikoff, editors, , Lecture

Notes in Computer Science, pages 1–15, 1988.

[6] T. Cheng and S. Gadia. An Ob ject-Oriented Mo del for Temp oral Databases. In

, 1993.

[7] J. Clifford and A. Croker. Ob jects in Time. In

, pages 11–18, 1988.

[8] A. Cro cker and J. Clifford. The Historical Relational Data Mo del (HRDM) Revisited. In

A. T ansel, J. Clifford, S. Gadia, S. Ja jo dia, A. Segev, and R. Sno dgrass, editors,

, pages 6–26. Benjamin/Cummings,

1993.

[9] S.K. Gadia and S.S. Nair. T emp oral Databases: A Prelude to Parametric Data.

In A. T ansel, J. Clifford, S. Gadia, S. Ja jo dia, A. Segev, and R. Sno dgrass, edi-

tors, , pages 28–66. Ben-

jamin/Cummings, 1993.

2

Smal ltalk-80: the L anguage and its Implementation

Pr o c. Twelfth Int’l Conf. on

the Entity-R elationship Appr o ach L e ctur e Notes in Computer Scienc e

Pr o c. of the ACM SIGMOD Int’l Conf. on Management of

Data

A dvanc es in Datab ase Pr o gr amming L anguages

Pr o c.

First Int’l Conf. on Information and Know le dge Management L e ctur e

Notes in Computer Scienc e

ACM T r ansactions on Datab ase

Systems

Mo dern Datab ase Systems: The Obje ct Mo del, Inter op er ability and

Beyond

Pr o c.

Sevente enth Int’l Conf. on V ery L ar ge Data Bases

T emp or al

Datab ases: The ory, Design, and Implementation

T emp or al Datab ases: The ory, Design, and Implementation

A dvanc es in Datab ase Pr o gr amming L anguages

[10] A. Goldb erg and D. Robson. .

Addison-W esley

, 1983.

[11] I. Goralwalla and M.

¨

Ozsu. T emp oral Extensions to a Uniform Behavioral Ob ject Mo del.

In R. Elmasri, V. Kourama jian, and B. Thalheim, editors,

, volume 823 of ,

pages 110–121. Springer-V erlag, Berlin, 1993.

[12] G. Guerrini, E. Bertino, and R. Bal. A Formal Definition of the Chimera Ob ject-

Oriented Data Mo del. T echnical Rep ort IDEA.DE.2P

.011.01, ESPRIT Pro ject 6333,

May 1994. Submitted for publication.

[13] W. K¨ afer and H. Sch¨ oning. Realizing a Temp oral Complex-Ob ject Data Mo del. In

M. Stonebraker, editor,

, pages 266–275. ACM Press, 1992.

[14] C. Lecluse, P

. Richard, and F. V elez. 0 , an Ob ject-Oriented Data Mo del. In F. Ban-

cilhon and P

. Buneman, editors, , pages

257–276. Addison-W esley

, 1990.

[15] N. Pissinou and K. Makki. A Framework for Temp oral Ob ject Databases. In

, volume 752 of

, pages 86–97. Springer-V erlag, Berlin, 1992.

[16] R. Sno dgrass. The Temp oral Query Language TQUEL.

, 12(2):247–298, June 1987.

[17] R. Sno dgrass. T emp oral Ob ject-Oriented Databases: A Critical Comparison. In

W. Kim, editor,

. Addison-W esley/ACM Press, 1995.

[18] R. Stam and R. Sno dgrass. A Bibliography on T emp oral Databases. Database Engi-

neering, Decemb er 1988.

[19] S. Su and H. Chen. A Temp oral Knowledge Representation Mo del OSAM*/T and its

Query Language OQL/T. In G. M. Lohman, A. Sernadas, and R. Camps, editors,

, pages 431–441, 1991.

[20] A. T ansel, J. Clifford, S. Gadia, S. Ja jo dia, A. Segev, and R. Sno dgrass.

. Database Systems and Applications

Series. Benjamin/Cummings, 1993.

[21] G. W uu and U. Dayal. A Uniform Mo del for T emp oral and V ersioned Ob ject-Oriented

Databases. In A. T ansel, J. Clifford, S. Gadia, S. Ja jo dia, A. Segev, and R. Sno dgrass,

editors, , pages 230–247. Ben-

jamin/Cummings, 1993.

[22] S. Zdonik. Ob ject-Oriented Typ e Evolution. In F. Bancilhon and P

. Buneman, editors,

, pages 277–288. Addison-W esley

, 1990.