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Abstract 

ln {5}, [ 10/ wt propostd TOS: A Temporal Objtct Systtm thot holldlts the srructurt and 
stQiurt chongts in an objtct in a uniform and ttmporalfashion. Tht TOS rtlkls a hybrid approach of c 
class-~d and prororypt·basM approoches thol mtlkls ii more jluibk rhon other rwo approaches. 

ln this paptr. wt proposta formo/ modtlfor lcnowledgt shoring mtchonism (Short-lcno) 
for hltrarchy of objtcts oftht TOS, and fonnally prove thatthe mtchanism Shore-blo tncapsulatt 
more baowltdgt than inheritanct and dtkga~ion modtls wh/ch art propostd by Srtin ;,. [ 12/. 
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1. Introduction 

ln the object-oriented paradigm, an object is defined by the two parameters 
structure and state. The structure (SR) of an object provides the struclural 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 variab1es 
of the objects. and methods which operate on them. ln the object-oriented paradigm 
there are two techniques class-based and prototype-based, to represent knowledge of 
objects [3),[7]. The first technique is based on the mathematical concept of ser, a set of 
objects sharing the sarne strucrure is referred to as a class. An object-oriented database 
is a coUection of classes which are organized as a directed acyclic graph (DAG). The 
second technique is protoryping that represents an object by its default knowledge 
[3),[7),[12]. The prototype-based technique is a classless approach where ali objects 
are at sarne levei. The class-based technique considers structure and state of an objecl 
as two objects in their own right [7). These techniques use inheritance and delegarion 
mechanisms. respectively, for knowledge sharing in a hierarchy of objects. The 
delegation mechanism is commonly considered more powerful than lhe inheritance 
mechanism [7]. But Stein formally proved that both mechanisms are equivalent in 
power [12]. 

ln the existing object-oriented data base systems. changes in the state of an 
objectare maintained via version managemenr [1). Also. structural changes are 
supported in most object-oriented database systems. Such changes to a class are 
referred to as schema evolution in lhe literature [8]. Current object-oriented database 
systems keep only lhe current version of each class struclure. After any change. it is 
necessary to reload a previous version of the database to retrieve any information from 
the previous version of a class structure. 
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ln [5),[10) we introduced a temporal object system (TOS) which maintains 
the history of changes 10 both the structure and the state of an object in a consolidated 
and elegant manner. We associated time (point model) to both struc1ure and state of an 
object Such an object is referred to as a temporal object. A temporal object evolves 
over time by changing its state or structure. A set of temporal objects which share a 
common knowledge (i.e .• struclure anci/or state) is referred 10 as afamily. The TOS 
also facilitates lhe construclion of a complex family which is an aggregation of 
temporal objects from various families. The objects in a complelt family are referred to 
as temporal complex objecrs. (for details see [11)). A complelt family enhances the 
know1edge sharing among non-homogeneous temporal objects and their 
transportability. A temporal object system (TOS) is a collection of families which are 
defmed at different time instances. 

ln this paper. we propose a formal model of Share-kno (SK) for a hierarchy 
of a TOS, and formally prove that the SK mode1 includes both the inheritance and 
delegation models which are proposed by Stein [12]. The remainder of this paper is 
organized as follows: ln Section 2, we describe TOS. Section 3 discusses inheritance 
and delegation mode1s. ln Section 4 we give a formal model of Share-kno (SK) of 
TOS. ln Section 5 we prove the inclusion of inheritance and delegation models in SK 
model. Final1y, in Section 6 we give our concluding remarks and future research 
directions. 

2. Temporal Object System 

As mentioned in the previous section Temporal 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 object is a collecúon of stages 
[5],[10]. Figure 1 shows a schema of the TOS. where RTOS represents the root 
node of the sys1em with n families, i.e., F1. F2, ...• Fn as its children. 

Family F2 ... 

Figure l.Schema of the temporal object system 

ln the figures. double rectangle. double oval, rectangle, 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 to a temporal 
object. The tenns ROF. family, and stage are fonnally defmed in the next section. 

2.1 Temporal Objects and thelr Famllles 

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 time 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=< (SRq, STq), 
(SRt2. STt2) , ... , (SRtn, STtn)> where li ~ li+ 1 for all 1 S i < n, where the ordered 
pair (SR ti, STti) is the i-th object of the temporal object which is constructed at the 
time instance ti with structure SRti and state STti. An i-th object of the temporal object 
is referred to as its i-th stage [5),(6). 

Flgurel.A temporal object TOa 

A stage is maintained in a prototypical fonn i.e .. a structure. a state, or a 
combination of the two [3). For example. if a temporal object suffers a s!Iuctural 
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 
TOa of the family Fi 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. 
We refer to these stages as the birth srage (stage S La in Figure 2) and the current 
srage (stage Sn.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. Ali 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 defmes a common contexr of a family. The common context of 
a family is referred to as the roor-of-family (ROF) where common knowledge about 
ali its temporal objects is maintained (see [6),[10],[11) for more details). Temporal 
objects of a family can be defined only after the construction of the ROF of the 
family. ln a family. each temporal object of the family shares the ROF only at the 
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time instance of its binh. After lhat each temporal object is independent and a change in 
a parúcular temporal object does not affect the ROF. The ROF of a farnily is read
only, it does not change withfassage of time. 

ln TOS two types o families. si mp/e families and complex familits. can be 
defined. A simplt family represents an independent object development environment in 
which temporal objects can be constructed without sharing any knowledge of other 
families. A compltxfamily provides a facility for the integration of non homogeneous 
temporal objects of different families in order to build another temporal object of a 
higher levei of abstraction which is referred to as temporal compltx objtcr (TCO) [6). 
(11). 

A time dimension is associated with Lhe creation of a stage. a temporal 
object. and a family in TOS. The time is explicitly defined by user as an instance 
variable. The granularity of time depends on Lhe application domain. ln TOS. we use 
time point model for creation of families. temporal objects and stages. A time point is 
referred 10 as a rime insranct. 

3. Existing Knowledge Sharing Mechanisms 

As described before, the object-oriented paradigm has inheritance and 
delegation knowledge sharing mechanisms. 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 deal with on1y simple 
inheritance and single-parent delegation. details can be seen in [12). ln the following 
paragraph we briefly describe h is inheritance model for a hierarchy [ 12). 

The inheritance hierarchy I of a system is defmed as follows: 
I ={C. I, Y. W} where 

C: is a set of classes in a class-hierarchy, 
1: is a set of instances. 
Y: is a set of attributes (instance variables and methods), and 
W: is a set of attribute values in Y. 

Each class structure has two sub-structures: locally defined substructure and 
subsuucture which is inherited from its super-c1ass. The substructure that is defined 
locally in a class is referred to as class-atrribures. The substructure that is inherited 
from a super-class is referred to as insrance-rtmplart. ln the modell, structure of 
each object of a class c E C is defined by instance-rtmplart and class-arrriburts where 
class-artriburts are inherited from its superclass super( c). The anribuus of a class c are 
artributts(c) = class-attributts(c) u instance-ttmplatt(c). The values of the attriburts 

are taken from the set V(c) = ( val,(y) I y E atrributts(c)) where c E C. An instance i 
E I of a class c is defmed by two sets of attributes (i)= class(i) which are valut 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 

ln 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 il [4], [9). For exarnple, in [4), a model for a 
language L is defined by a pair <A. T> where A is its uni verse which is a non-empty 
set. and Tis a set of rtlarions. We refer to lhe pair <A. T> as tlemtnrs of the model L. 
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We say a model A is more lcnowledgeable (or super model) than a model B iff B is a 
sub-model of A i.e .. B s:; A (or B ~ A). ln other words. one or more elements of the 
model B are subset of lhe corresponding elements of lhe 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 suppon 
simple inheritance and single-parent delegation. receptively. therefore our model SK 
also confines to only simple families to malce SK model compatible with the Stein's 
models. ln defming 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 defmed as follows: 
SK = {F, TO. S) 

where F is a finite set of families and the set F is a union of ROFs 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 defmed as follows: 
Axiom: The set S of stages of a family can be partitioned into lhree subsets as 
follows: 
S = Ssr v S51 v Ssr+st where 
Ssr : a set of stages which is defined due to the structural changes to temporal objects 
oflheTOS. 
S51 : a set of stages which is defined due to lhe stature changes to temporal objects of 
lhe TOS. 
Ssr+st : a set of stages which is defined due to bolh structural and stature changes 
simultaneously to temporal objects of lhe TOS. The three subsets of the set S are 
mutually disjoint. i.e .• S5r n Sst n Ssr+st = 4> . 

As each temporal object TOi E TO is defined in a family f E F as a set of 
temporally ordered stages. The.j-lh stage Sj,i E S of lhe temporal object TOi may be a 
member of lhe set Ssr• Ssto or Ssr+st based upon lhe type the stage. To prove lhat lhe 
I model of a hierarchy is a sub-modtl of lhe SK model of the sarne hierarchy, we 
prove that for each objecl in lhe I model there exists an object in lhe SK model. but lhe 
object (temporal object) in lhe SK model may not be completely contained by lhe I 
model. We assume thal a time instance q, we model two versions of the object 

simultaneously in lhe inheritance modell and a Share-kno model SK. Then, at a time 
instance 12 > lJ, lhe SK model is more knowledgeable (or super-model) lhan the 

modell with respect 10 knowledge of objects. 
ln a modell of a hierarchy. ata time instance 12 > tt the structure of the 

object represents an accumulative affecl of ali structural changes which have occurred 
during the time interval [ll • 12]. ln this model, details of lhe struclural changes lo an 
objecl are not traceable. Also, if both slructural and stalure changes occur 
simultaneously to an object. then a modell is not capable of handling ali such changes 
ata time instance. On other hand, a SK model can handle ali such changes to an object 
and the sel Ssr+st represents such type of changes. 

Dennition: A model I is a sub-model (or less knowledgeable) of a model SK which 
is wriuen as I ~ SK iff for an object TO in a SK model. if there exists at least one 
change (stage) lo the object TO which does not corresponds to any change to lhe object 
O in an I model. 

21~ 
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S. Proor of a (I)=> S K 

Now we define a funcúon a which talces an inheritance modell = {C, I, Y, 
W} ora hierarchy. and fonnally prove that it is a sub-model (or less Jcnowledgeable) 
of a mode1 SK of the sarne hierarchy at some time instance i.e .• a( I ) => SK. The 
funcúon a is defmed as follows: 

(i) a(~)=~ 

(ii) 'v' x e Y. a (x) e Ssr v a (x) e F 

(III) 'v' u eW, a(u) e Sst 

(iv) 'v' c e C, a (c) is defined as follows: 

a (c) 1: f where f e F anda (arrributes(c)) ={v (a (x) I x e class-attributes(c)}v {v 
(x) I X e instance·tempwte(c)}. Here {v (a (x) I X e class·attributes(c)} 1: sfsr v f, if 

x does not be1ong to curre.nt stage of any temporal object. and {v a (x) x e insttlllce· 

template(c)} 1: sfsr if X belongs to current stage, sfsr 1: Ssr and the subsets sfsr 
belongs to a specific family f. Note that attributes(c) is union of the sets class
attributes(c) and instance-tempwte(c). 

a(state (c))= {v a (v) I v estate(c)} S: Sfst where 'v'x e attributes(a (c)) 

vala (c) (X) = valc(X), and sfst 1: Sst· The set sfst be1ongs to a specific family f. 

(v) V i e I, a (i) is defined as a (i) =a (class(i)) 1: (TOj)f where (TOj)f represents 
lhe j·th temporal object of the family f in the S K model. Here class(i) = 
attributes(class(i)) v V(class(i)). State of the temporal object (TOj)f corresponds to the 

i·th instance in a mode11. a(arrribute(cl4ss(i))) ={v a(x) I x e class-attributes(c) "c 
e super(class(i))} s: v sfiJ for all 1 s is n, where each member of the set v sfij 
belongs to lhe set sfsr. 

a(state (cwss(i))) = {a(v) I v e state (i)} s: v sfk,j for ali 1 s k s m, where each 

member of Lhe set v sfkj belongs to the set sfst . 
Assume there are p number of stages of the temporal object (TOj)f belong to the set 

sfsr+st• and the instance i e I is unable to simulate those p number of stages, because 

the model I of the hierarchy does not suppon a simultaneous structural and stature 
change to an objecL Therefore, an instance i in the model I 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 I model has no provision to handle a combined 
structural and 5tature change to an object at a time instance. 
(vi) By using the function a. we can show that some elements of a model I are 

subsets of some elements of a model SK, i.e., a (I ) => SK where 

(Sst v Ssr v Ssr-f'st v F) :2 C as (Ss1 v Ssr v F) =C ....................... ( I) 
TO :2 a( c) v (a(i) I i e I) ....................... (2) 

(Sst v Ssr+sV :21 as S51 =I. it is true from (I) ..... ........ .. ....... (3) 

(Ssr v Ssr+st v F) :2 Y as (Ssr v F) = Y 

(Sst v Ssr+st) :2 W as S51 = W 
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Theorem: Assume an object is defined simultaneously in the both models I and SK 
of the sarne system at a time instance tI · The f1tst version (non-temporal version O; e 
c e C) of the object is in a model. I. and the second version (temporal version TO; e 

r E F) or the object is in a SK model. Ir both versions or the object ( O; and TO;) 
represent the sarne entity, then the temporal version TO; or the object is mort or 
tquaUy Jcnowledgeable than the non-temporal version O; or the object at a time instance 

l2 > tI· that is. atrribute(Oj) t: structure{TOj) and statt(Oj) t: srare(TO;) at any time 
instance '2· 
Proof: At the time instance 11 both versions (0; and TO;) take birth in their respective 
systems. Therefore, at the time instance t 1 the roUowing inequalities are ttue: 

(attributes(O;) = structure(TO;)) and (state(Oj) = state(TO;)). The class structure of 

the O;. and atrributts(O;) = (x I x e class-atrributts(c), O; e c} v (y I y e instance

templatt(c)) where attributes(Oj) t:Y' t: Y. 

structurt(TOj) = (x I X E Ssrl u ( y I y e r. TO; e f)u {z I z e Ssr+stl where 

structure(TO;) t: (Ssr v Ssr+st v f) and rrom (1) and (4) y' t: (Ssr v Ssr+st u f). 

statt(Oj) = V(Oi) =(vai Oi ec(x) I x e anributts(Oj)}t;; w' t: W and 

statt{TOj) = ( x I x e Sstlu (y I y e Ssr+stlt: (S5t u Ssr+sV· 

From properties (4) and (5) w' t: (Sst u Ssr+st>· Hence, at the time instance lJ, 
lcnowledge in both models about the object is equal. 

Now assume that the time instance l2 > tt the object has gone under some type or 
change. The types or changes are as roUows: 
(1) An object suffers a change only to its state at the time instance 12. It means 

(attribure(O;) = sttucture(TO;)) and (state(O;) t: srare(TO;)) where srare(Oj) represents 

a new version of the state of the object O; in the I model. and srare(TO;) t: Sst• where 

the temporal object TO;= (Sl,i S2,i) at time instance l2, and S2,i e Sst 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 12 in both models, as there is no loss of lcnowledge 
about the object in both model. 
(2) An object suffers a change to its structure only at the time instance 12. This type 

of change can rurther be subdivided into two types as follows: 
(i) An instance variable and/or a method is added to an objecL Oue to addition 
of an instance variable and/or a method there is no loss of knowledge in 
both models. So, at the time instance 12, attributt{O;) = srrucnm(TO;) and 

state(Oj) = srare(TO;) where attribute(O;) is an updated version of lhe class

attribures. srructure(TO;) t: Ssro and state(TO;) t: Sst· Here cardinality of lhe 
class-arrribures at lhe time instance t 1 is less than lhe cardinality of the class-

anributes at lhe time instance 12 in lhe modell. The cardinality of lhe 
rruc111re(TO;) at lhe time instance t 1 is also less lhan the cardinality of lhe 
srructure(TO;) at the time instance 12 in the SK model. But the SK model 

keeps both previous and current knowledge of each temporal objecL and lhe I 
model keeps only an updated version of a class-attributes wilhout keeping a 
history of changes to lhe class-anribures. We conclude lhat in lhis case, a TO; in a 
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SK model is more kllowledgeable lhan an object Üj in a model I at lhe time 
instance '2· as lhe previous c/Qss-anributes of auribute(Oi) is lost after the update. 

(ii) An instance variable andlor a method is deleted from an objecL ln this case, 
previous knowledge of the object in the model I is lost due to deletion and the 
cardinality of lhe class-allributes at time instance IJ is greater lhan cardinality of lhe 
class-allributes at lhe time instance '2· As lhe model SK keeps history of a change to 
lhe object before and after update of the change even the cardinality of the 
strllcture(TOj) before lhe update is greater than cardinality of the structure (TOi) after 

lhe update. So, at and after the time instance '2· a11ribute (Üj) 1::: structure(TOi) " 
state(Oi) 1::: srate(TOj). because the deleted instance variable and melhod are not 
present in the arrribute(Oj) at the time ins1a11ce '2· It means lhat lhe temporal version 
TOj. of lhe object retains both present and past knowledge of the objecL Hence we 

conclude that a TOj in a SK model is more knowledgeable lhan an Oi in an I 
model. 

(3) ln lhe 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 lhe I model is unable to 
update itself after lhe change. Whereas, lhe SK model can handle update lhe 
object after lhe change by creating a new stage which is a member of lhe set 
Ssr+st· After update of lhe change structure(TOi) 1::: Ssr v Ssr+sl v f. Since 
an I model is incapable to handle such changes. whereas a SK model is quite 
capable and it keeps history of lhe changes. 

Therefore. we conclude that a SK model is more or equaUy kllowledgeable 
lhan an I model at the time ins1a11ce 12. Hence, from lhe above results we conclude lhat 
the SK model is more or equally kllowledgeable lhan lhe I model at time instance 12 
(i.e.,'V' i Üi ~:;; TOi where Üi e c e C and TOj e C e F). 

6. Conclusions 

ln this paper. we proposed a formal model for knowledge sharing 
mechanism, Share-kno. of the TOS. The proposed model takes a hybrid mechanism of 
the inheritance and delegation mechanisms. The mechanism, Share-kno, is capable to 
accommodate more knowledge of temporal objects than inheritance and delegation 
mechanisms. and to share them with other temporal objects of lhe sarne simple family. 
We formally proved that Share-kno super-model of lhe inheritance and delegation 
models proposed by Stein. 
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