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Abstract

In [5), [10] we proposed TOS: A Temporal Object System that handles the siructure and
stature changes in an object in a uniform and temporal fashion. The TOS takes a hybrid approach of ¢
class-based and prototype-based approaches that makes it more flexible than other rtwo approaches.

In this paper, we propose a formal model for knowledge sharing mechanism (Share-kno)
Jfor hierarchy of objects of the TOS, and formally prove that the mechanism Share-kno encapsulate
more knowledge than inheritance and delegation models which are proposed by Stein in [12].
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1. Introduction

In the object-oriented pandigm an object is defined by the two parameters
structure and state. The structure (SR) of an object provides the structural and
behavioral capabilities of that object, which is defined by a set of instance variables
and methods. The state (ST) of an object assigns data values to the instance variables
of the objects, and methods which operate on them. In the object-oriented paradigm
there are two techniques class-based and type-based, to represent knowledge of
m [31.[7]. The first technique is on the mathematical concept of ser, a set of

sharing the same structure is referred to as a class. An object-oriented database
is a collection of classes which are organized as a directed nycile:‘ h (DAG). The
second technique is proforyping that represents an object by its defaulr knowledge
[31.[7],[12). The prototype-based technique is a classless approach where all objects
are at same level. The class-based technique considers structure and state of an object
as two objects in their own right (7). These techniques use inheritance and delegation
mechanisms, respectively, for knowledge sharing in a hierarchy of objects. The
deleg::ion mechanism is commonly considered more powerful than the inheritance
mechanism [7]. But Stein formally proved that both mechanisms are equivalent in
power [12].

In the existing object-oriented database systems. changes in the state of an
object are maintained via version management [1). Also, structural changes are
supported in most object-oriented database systems. Such changes to a class are

erred to as schema evolution in the literature [8]. Current object-oriented database
systems keep only the current version of each class structure. Afrer any change, it is
to reload a previous version of the database to retrieve any information from

the previous version of a class structure.
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In [5],[10] we introduced a temporal object system (TOS) which maintains
the lustory of changes to both the structure and the state of an object in a consolidated
%mlmannet Wemomdume(pomtnwdei)wbommmmdmofm
object. h an object is referred to as a remporal object. A temporal ob ﬁl evolves
over time by changing its state or structure. A set of temporal objects which share a
common knowledge (i.e.. structure and/or state) is referred 1o as a family. The TOS
also facilitates the construction of a complex family which is an aggregation of
temporal obfecu from various families. The objects in a complex fumlr are referred to
as temporal complex objects. (for details see [11]). A complex family enhances the
knowledge sharing among non-homogeneous temporal objects and their
transportability. A temporal object system (TOS) is a collection of families which are
defined at different time instances.

In this paper, we propose a formal model of Share-kno (SK) for a hierarchy
of a TOS, and formally prove that the SK model includes both the inheritance and
delegation models which are pro by Stein [12]). The remainder of this paper is
organized as follows: In Section 2, we describe TOS. Section 3 discusses inheritance
and delegation models. In Section 4 we give a formal model of Share-kno (SK) of
TOS. In Section 5 we prove the inclusion of inheritance and delegation models in SK
model. Finally, in Section 6 we give our concluding remarks and future research
directions.

2. Temporal Object System

As mentioned in the previous section Tem Object System (TOS) is
defined as a collection of families which are defined at different time instances. A
family is a collection of temporal objects, and a temporal ob tis a collection of stages
[51.[10]). Figure 1 shows a schema of the TOS, where RTOS represents the root
node of the system with n families, i.e., F1, F2, ..., Fp as its children.

Family F| ~ Family F2 ., Family
Figure 1.Schema of the temporal object sysiem

In the figures. double rectangle, double oval, tecu.n%le. single oval, circle
represent RTOS, root-of-family (ROF), family, temporal object, and stage,
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respectively. Single arrow represents a structure change or state change 10 a temporal
object. The terms ROF. family, and stage are formally defined in the next section.

2.1 Temporal Objects and their Families

An object is represented by its structure and state. With the passage of time
an object may change its structure and/or its state. By associating tme to both the
structure and the state of an object, we can keep the history of changes to that object.
We define a temporal object (TO) to be an ordered set of objects which is constructed
at different time instances. A temporal object is represented as TO = < (SRtj, STty),
(SRt2, STt2) ,. . ., (SRtp, STtp)> where tj < tj+] for all 1 < i < n, where the ordered
pair (SRtj, STtj) is the i-th object of the temporal object which is constructed at the
time instance tj with structure SRt and state STtj. An i-th object of the temporal object
is referred to as its i-th stage [5],[6].

Figure2.A temporal object TOgq

A stage is maintained in a prototypical form i.e., a structure, a state, or a
combination of the two [3]. For example, if a temporal object suffers a structural
change, then new stage of the temporal object captures only the structure change. We
are using time instance as a physical time and time point. A temporal object may also
be referred to as an ordered set of stages. For example, in Figure 2 the temporal object
TOq of the family Fj has n stages. The first and last stages of a temporal object are
significant because they hold the initial and current knowledge of the temporal object.

‘e refer to these stages as the birth stage (stage S| a in Figure 2) and the current
stage (stage Sp a in Figure 2) of the temporal object. A new stage is appended to a
temporal object if the structure and/or state associated with its stage changes (see
[5),[10] for more details).

The concept of a family is used to assemble a group of temporal objects
sharing a common context. All temporal objects within a family can be handled in a
similar fashion by responding uniformly to a set of messages. A set of similar
structures and/or states defines a common context of a family. The common context of
a family is referred to as the roor-of-family (ROF) where common knowledge about
all its temporal objects is maintained (see [6],[10],{11] for more details). Temporal
objects of a family can be defined only afrer the construction of the ROF of the
family. In a family. each temporal object of the family shares the ROF only at the
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time instance of its birth. Afier that each temporal ob 'ulndgmdﬂ:undachmaein
a particular temporal object does not affect the ROF. The ROF of a family is read-
only, it does not change with e of time.

In TOS two types of families, simple families and complex families, can be
defined. A simple family represents an independent object development environment in
which temporal objects can be constructed without sharing any knowledge of other
families. A complex family provides a facility for the integration of non homogeneous
temporal objects of different families in order to build another ma;gonl object of a
higher level of abstraction which is referred o as temporal complex object 0) [6].

(11].

A time dimension is associated with the creation of a stage, a temporal
object, and a fami"l‘rui.ln TOS. The time is explicitly defined by user as an instance
variable. The granularity of time depends on r:lpplication domain. In TOS, we use
time point model for creation of families, temporal objects and stages. A time point is
referred 10 as a time instance.

3. Existing Knowledge Sharing Mechanisms

As described before, the object-oriented paradigm has inheritance and
delegation knowledge sharing mec . Stein proposes two formal models for
each mechanism, and simulated one model into another [12] to prove that the both
mechanisms are equivalent in term of power. His models with only simple
i i and single-parent delegation. details can be seen in [12]. In the following
paragraph we briefly describe his inheritance model for a hierarchy [12].

The inheritance hierarchy | of a system is defined as follows:

I={C, LY, W} where

C: is a set of classes in a class-hierarchy,

I: is a set of instances,

Y: is a set of auributes (instance variables and methods), and
W: is a set of antribute values in Y.

Each class structure has two sub-structures: locally defined substructure and
substructure which is inherited from its super-class. The substructure that is defined
locally in a class is referred to as class-ateributes. The substructure that is inherited
from a super-class is referred to as instance-remplate. In the model I, structure of

each object of a class ¢ € C is defined by instance-remplate and class-attributes where
class-attributes are inherited from its superclass super(c). The antributes of a class c are

arrributes(c) = class-atributes(c) U instance-template(c). The values of the atrributes
are taken from the set V(c) = (val¢(y) | y € artributes(c)) where ¢ € C. An instance i

€ 1 of aclass c is defined by two sets of artributes (i) = class(i) which are value V(i).
Similarly, a model for delegation model D for a hierarchy is proposed by Stein and
can be seen in [12].

4. Share-kno Model

In this section, we formally define Share-kno (SK) that is knowledge
sharing mechanism of the TOS.

A model of a systems is defined as an abstraction of the system in order to
understand the system before building it [4], [9]). For example, in [4]), a model for a

language L is defined by a pair <A, T> where A is its universe which is a non-empty
set, and T is a set of relarions. We refer to the pair <A, T> as elements of the model L.
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We say a model A is more knowledgeable (or super model) than a model B iff Bisa
sub-model of A ie..B < A (or B= A). In other words, one or more elements of the
model B are subset of the corresponding elements of the model A.

We propose a model SK for a hierarchy of temporal objects of TOS to share
knowledge among its objects. Since Stein's inheritance and delegation models support
simple inheritance and s ugle—fparem delegation, receptively, therefore our model SK
also confines to only simple families 1o make SK model compatible with the Stein's
models. In defining SK model and proving theorems we use the same terminology
which is used by Stein in [12] for his models.

The SK model for a hierarchy of a TOS is defined as follows:

SK = (F, TO. S}
where F is a finite set of families and the set F is a union of ROF's of simple families,
TO is a set of temporal objects, and S is a set of stages in the TOS. The sets F, TO and
S are referred to as elements of the model SK.
Basic axiom of SK hierarchy of the TOS are defined as follows:
Axiom: The set S of stages of a family can be partitioned into three subsets as
follows:
S-S“USS!US“““WM
Sgr : a set of stages which is defined due to the structural changes to temporal objects
of the TOS,
St : a set of stages which is defined due to the stature changes to temporal objects of
the TOS,
Sgr4st © @ set of stages which is defined due to both structural and stature changes
simultaneously to temporal objects of the TOS. The three subsets of the set S are
mutually disjoint, i.e., Sg¢ M Sgp N Sgrpgt =0 .

As each temporal object TOj & TO is defined in a family f € F as a set of
temporally ordered stages. The j-th stage Sjj € S of the temporal object TO; may be a
member of the set Sgp, Sy, or Sgr4.5 based upon the type the stage. To prove that the
1 model of a hierarchy is a sub-model of the SK model of the same hierarchy, we
prove that for each object in the I model there exists an object in the SK model, but the

object (temporal object) in the SK model may not be completely contained by the 1
model. We assume that a time instance 1], we model two versions of the object
simultaneously in the inheritance model | and a Share-kno model SK. Then, at a time
instance t > t], the SK model is more knowledgeable (or super-model) than the
model | with respect to knowledge of objects.

In a model | of a hierarchy, at a time instance t3 >t} the structure of the
object represents an accumulative affect of all structural changes which have occurred
during the time interval [t} , t2]. In this model, details of the structural changes to0 an
object are not traceable. Also, if both structural and stature changes occur
simultaneously to an object, then a model I is not capable of handling all such changes
at a time instance. On other hand, a SK model can handle all such changes to an object
and the set Sgp4g represents such type of changes.

Definition: A model | is a sub-model (or less knowledgeable) of a model SK which

is written as [ = SK iff for an object TO in a SK model, if there exists at least one
change (stage) to the object TO which does not corresponds to any change to the object
O in an | model.
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5. Proof of o(l) = SK

Now we define a function ¢ which takes an inheritance model I = {C, L, Y,

W} of a hierarchy, and formally prove that it is a sub-model (or less knowledgeable)
of a model SK of the same hierarchy at some time instance i.e., (I ) = SK. The
function o is defined as follows:

D o@d=0¢

(ii)Vxe Y, o0(x)e Sy v o(x)e F

(iii) V u €W, o(u) € Sg

(iv) V c e C, o (c) is defined as follows:
6 (c) o f where f € F and o (anributes(c)) = {u (6 (x) | x € class-artributes(c) o {u
(x) | x & instance-remplare(c)). Here {U (o (x) | x € class-anributes(c)} < Sf,r v f, if
x does not belong to current stage of any temporal object, and {w o (x) x € instance-

template(c)} < Sfs; if x belongs 1o current stage, Sfs; < S and the subsets Sfg;
belongs to a specific family f. Note that artributes(c) is union of the sets class-
artributes(c) and instance-template(c).

o(state (c)) = {U 0 (v) | v e state(c)) < STs; where Vx € antributes(o (c))

valg () (x) = vale(x), and Sfg; < Sgy. The set Sty belongs 1o a specific family f.
(v) Vie I, o(i)is defined as o (i) =0 (class(i))  (TO;)f where ('I’Oj)f represents
the j-th temporal object of the family f in the SK model. Here class(i) =
arnmributes(class(i)) v V(class(i)). State of the iemporal object (T()j)feormponds to the
i-th instance in a model l. o(artribure(class(i))) = {w 0(x) | x € class-attributes(c) A ¢
€ super(class(i))} :quiJ for all 1 i < n, where each member of the set v SfiJ
belongs to the set S, .
o(srate (class(i))) = {o(v) | v € state (i)} © Usfk,j for all 1 € k € m, where each
member of the set U Sfy ; belongs to the set Sf; .
Assume there are p number of stages of the lemporal object (TOj)f belong to the set
st“.a. and the instance i € | is unable to simulate those p number of stages, because
the model | of the hierarchy does not support a simultaneous structural and stature
change to an object. Therefore, an instance i in the model 1 can map at the most (m+n)
stages out of (m+n+p) stages of the temporal object (TOj)f, and I model is unable to
map p number of stages as an | model has no provision to handle a combined
structural and stature change to an object at a time instance.
(vi) By using the function o, we can show that some elements of a model 1 are
subsets of some elements of a model SK. i.e., o (I ) = SK where

(SqUSgUSgristVF) 2C asSguSgeVF)=C i (1
TS Sy 0 I & TS st e O TSRO B R T desaeiay (2)
(Sgr U Sgrest) 21 as S =1, it is true from (1) ot e it
(Ser U Ssremt VF) DY 88 S uF) 3aY cessassensinn (4)
(SgtV Sgrest) 2 W as Sg=W O SR OB b
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Theorem: Assume an object is defined simultaneously in the both models I and SK
of the same system at a time instance t). The first version (non-temporal version O; &
¢ € C) of the object is in a model, 1, and the second version (temporal version TO; €
f € F) of the object is in a SK model. If both versions of the object ( O; and TO;)
represent the same entity, then the temporal version TO; of the object is more or
equally knowledgeable than the non-temporal version O; of the object at a time instance
13 > 11, that is, anribure(O;) < structure(TO;) and stare(0;) < stare(TO;) at any time
instance t3.
Proof: Atzmeﬁmeimumetlbolhmsions(OideOi)ukcbird:imheiuespecﬁve
systems. Therefore, at the time instance t] the following inequalities are true:
(atrributes(O;) = structure(TO;)) and (state(O;) = stare(TO;)). The class structure of
the Oy, and artribures(O;) = (x | x € class-artributes(c), Oj € ¢} U (y | y e instance-
template(c)) where atributes(O;) <Y ¢ Y.
structure(TOj) = (x Ix e Sgr) U {ylye [, TOje fju {zlz€ Sgr4g) where
structure(TO;) & (Ssr U Sgrast V1) and from (1) and (4) Y' < (Sgr  Ssrast W D).
stare(0;) = V(Oj) = {val Oj ¢ c(x) | x € anributes(O))c W' < W and
stare(TO;) = { x Ix € S} (y 1y € Sgrast) S (Sgr 'V Sgrast)-
From properties (4) and (5) W' < (Sgt U Ssrast). Hence, at the time instance tq,
knowledge in both models about the object is equal.

Now assume that the time instance t3 > ] the object has gone under some type of
change. The types of changes are as follows:
(1) An object suffers a change only to its state at the time instance t2. It means

(artribute(0;) = structure(TO;)) and (state(O;) < state(TO;)) where stare(O;) represents
a new version of the state of the object O; in the | model, and stare(TO;) © Sgy, where
the temporal object TO; = (S1,i S2,i) at time instance 12, and S2,j € Sg is current
stage of the temporal object TO;. The current stage reflects an update of stature change
to the object. Hence, both versions of the objects, O; and TO;, are equally
knowledgeable at the time instance 1 in both models, as there is no loss of knowledge
about the object in both model.
(2) An object suffers a change to its structure only at the time instance t). This type
of change can further be subdivided into two types as follows:

(i) An instance variable and/or a method is added to an object. Due to addition

of an instance variable and/or a method there is no loss of knowledge in

both models. So, at the time instance 1, artribute(0;) = struc ;) and

state(O;) = stare(TO;) where artribute(O;) is an updated version of the class-

attributes, structure(TO;) © Sgr, and state(TO;) ¢ Sgy. Here cardinality of the
class-anributes at the time instance t] is less than the cardinality of the class-
attributes at the time instance 3 in the model 1. The cardinality of the

rructure(TOj) at the time instance t) is also less than the cardinality of the
strucrure(TO;) at the time instance 7 in the SK model. But the SK model

keeps both previous and current knowledge of each temporal object. and the |
model keeps only an updated version of a class-attributes without keeping a
history of changes to the class-arributes. We conclude that in thiscase.a TOjina
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SK model is more knowledgeable \han an object Ojinamodellat  the  time
instance 1, as the previous class-artributes of auribute(O;) is lost after the update.

(ii) An instance variable and/or a method is deleted from an object. In this case,
previous knowledge of the object in the model I is lost due to deletion and the
cardinality of the class-artributes at time instance t] is greater than cardinality of the
class-attributes at the time instance 1. As the model SK keeps history of a change to
the object beforc and afrer update of the chlnge even the cardinality of the
structure(TOy;) before the update is greater than cardinality of the structure (TO;) after
the update. So, at and after the time instance 1, antribute (O;) < structure(TO;) A

state(0;) < state(TO;), because the deleted instance variable and method are not
presentinthe  anribute(O;) at the time instance t2. It means that the temporal version
TO;, of the object retains both present and past knowledge of the object. Hence we
conclude that a TOj in a SK model is more knowledgeable than an Ojinan |
model.
(3) In the third type of change when the above two types (i and ii) of changes occur
together to the object at the time instance 12, then the | model is unable o
update itself after the change. Whereas, the SK model can handle update the
ject after the changebycmunsanewuasewh:chnamembuonhem
Ssr+st- After update of the change structure(TO;) & Sgr\ Sgrygq U I. Since
an I model is incapable to handle such changes, whereas a SK model is quite
capable and it keeps history of the changes.

Therefore, we conclude that a SK model is more or equally knowledgeable
than an | model at the time instance t2. Hence, from the above results we conclude that
the SK model is more or equally knowledgeable than the | model at time instance 12
(ie.Vi O; cTO; whereOjece Cand TOj e fe F).

6. Conclusions

In this paper. we 'FE)%PM a formal model for knowledge sharing
mechanism, Share-kno, of the The proposed model takes a hybrid mechanism of
the inheritance and delegation mechanisms. The mechanism, Share-kno, is le to
accommodate more knowledge of temporal objects than inheritance and tion
mechanisms, and to share them with other temporal objects of the same simple family.
We formally proved that Share-kno super-model of the inheritance and delegation
models proposed by Stein.
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