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Abstract. This paper gives a formalization of the various modelingstarcts
that support the design of temporal DBMS. We conduct a deegsiigation on
evolution constraints, eventually devising a model-teéorsemantics for a full-
fledged model with both timestamping and evolution constsaiFurthermore, we
also show how to express temporal constraints using a sob$est-order tem-
poral logic, i.e.,DLRys, the description logi® LR extended with the temporal
operatorsSinceandUntil. The proposed formalization is meant both to clarify the
meaning of the various temporal constructors appeareciliténature and to show
the possibility to perform automated reasoning on tempmyateptual models.

1 Introduction

This paper aims at continuing the research efforts in thec€ptual Modeling community
to model temporal information systems. An analysis of margppsals for temporal
models (aiming in particular at helping designing tempdethbases) and a summary of
results achieved can be found in a good survey by Jensen artty@ss [15]. The main
features of a temporal modeling language can be summarized a

— Timestamping. The data model should obviously distinguish between teaizord
atemporal modeling constructs. This is usually realizettbyporal marking of classes,
relationships and attributes. In the database, these nggrkranslate into &mes-
tamping mechanism, i.e., attaching lifecycle information to olgeand relation-
ship instances, and time-varying values to attributegdyi€le information expresses
when and how an object belongs to a class. Time-varyindatgs store values to-
gether with when they hold (usually referring to valid time)

— Evolution Constraints. Model-levekonstraints rule the permissible evolution (change
of membership status) of an object along its lifespan ph&sesexample, an object
that is an active member of a class may become an inactive areofitihe same
class.Application-levekonstraints rulebject migrationi.e., the possibility for an
object to change its class membership from one class to an&ir example, an ob-
ject in the Student class may later migrate to become an bbf¢lbe Faculty class.
Complementary aspects of evolution are modeled thraggieration relationships
which describe the fact that objects in a class are genebgtether objects in an-
other (possibly the same) class. For example, in a cadastabase, splitting of a
parcel translates into the fact that the original parcelegates two (or more) new
parcels.



The contribution of this paper is to give a formalization loé tvarious temporal con-
structs with particular attention to evolution constraiihdeed, while timestamping as-
pects have been extensively discussed [2, 3, 8, 10, 16, t8aaformalization of evolu-
tion constraints is still missing, despite the fact thatia literature such constraints have
been advocated as useful for modeling the behavior of teahpbjects [3,18,12,11,17,
19]. The proposed formalization relies on a model-theossimantics aiming at both for-
mally clarifying the temporal constructs and to supporsoeang over them. Concerning
the reasoning aspects, we adopt a description logic apprbast suited for reasoning
on conceptual models [6]. On the other hand, we do not adtiersswell known issues
related to the implementation of temporal specificatiorthiwia DBMS.

The formalization proposed here builds on previous eftorfermalize temporal con-
ceptual models. Namely, we rely on previous work to define€tRg- model [3], a tem-
poral EER model based on a model-theoretic semardiRs:r is equipped with times-
tamping capabilities and both a linear and a graphical symtathis paper we conduct
a deeper investigation on evolution constraints, evelytdalising a model-theoretic se-
mantics for a full-fledged model with both timestamping amdletion constraints. Fur-
thermore, we also show how to express temporal constrasimng @& subset of first-order
temporal logic, i.e., the temporal description lo@CRys [4]. DLRys is a combi-
nation of the expressive and decidable description 16yi6R (a description logic with
n-ary relationships) with the linear temporal logic witlmjgoral operatorSince(S) and
Until (/) which can be used in front of both concepts and relations.chivice of extend-
ing DLR is motivated by its ability to give a logical reconstructiand an extension of
representational tools such as object-oriented and ctunlegiata models, frame-based
and web ontology languages [5—7]. In this paper, weD£&R ;s to capture the tempo-
ral constraints useful to design a temporal database in @rsiavay while reasoning
techniquelcan be used to derive new constraints.

The paper is organized as follows. The next two Sectiondltbeacharacteristics of
the description logic and the temporal conceptual modellviclmve build our proposal.
Section 4 discusses the evolution constraints we addresto8 5 illustrates the mod-
eling requirements that lead us in elaborating, in Sectiaihé formal definition of our
evolution framework. Section 7 concludes the paper.

2 The Temporal Description Logic

As a language for expressing temporal conceptual schemasevteD LR, s [4] tem-
poral description logicwhich combines the propositional temporal logic wiimceand
Until and the (non-temporal) description logRCR [5]. DLRys can be regarded as a
rather expressive fragment of the first-order temporadag$ince. untilh (cf [, 13)).

The basic syntactical types BILRys areclassegi.e., unary predicates, also known
asconceptyandn-ary relationsof arity > 2. Starting from a set afitomic classeg¢de-
noted byCN), a set ofatomic relations(denoted byRN), and a set ofole symbols
(denoted byU) we hereinafter define inductively (complex) class andti@taexpres-
sions as is shown in the upper part of Fig. 1, where the binamgtcucts (1, LI, U/, S) are
applied to relations of the same arityy, k, n are natural numbers,< n, andj does not
exceed the arity oRR.

The non-temporal fragment @@L Rys coincides withDLR. For both class and
relation expressions all the Boolean constructs are dlail@he selection expression

L Even if full DLRys is undecidable interesting subsets of it are decidable [4].
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Fig. 1. Syntax and semantics B1L Ry s

U;/n : C denotes am-ary relation whose argument nam&d (: < n) is of typeC;

if it is clear from the context, we omit and write(U; : C). The projection expres-
sion 3=*[U,] R is a generalisation with cardinalities of the projectioregor over the
argument named; of the relationR; the plain classical projection & [U;]R. It is
also possible to use the pure argument position versioneofrtbdel by replacmg role
symbolsU; with the corresponding position numbérgo show the expressive power of
DLRys we refer to the next Sections whePeL R, s is used to capture various forms of
temporal constraints.

The model-theoretic semantics BILRys assumes a flow of timg = (7,, <),
whereZ, is a set of time points (or chronons) arda binary precedence relation on
7,, is assumed to be isomorphic @, <). The language oDLR s is interpreted in
temporal model®ver 7, which are triples of the fornT = (7, AT, .Z()), where AT
is non-empty set of objects (tlomainof 7) and-Z(*) aninterpretation functiorsuch
that, for everyt € 7, every clasg’, and everyn-ary relationR, we haveCZ(®) C AT
and RT(®) C (AT)™. The semantics of class and relation expressions is defingti
lower part of Fig. 1, wheréu,v) = {w € 7 | v < w < v} and the operatorsl™
(always in the future) anél~ (always in the past) are the duals ©f" (some time in
the future) and>~ (some time in the past), respectively, i.857C = -O+T-C and
O-C = -0~ -C, for both classes and relations. For classes, the temppeshtors



T, @ (at the next moment), and their past counterparts can beedefiial/ andS:
OTYC=TUC, B C = LUC, etc. The operators* (at some moment) and its duat
(at all moments) can be defined for both classes and rela®hsC = CLOTCUO~C
andO*C' = C1O+tC nO~C, respectively.

A knowledge basis a finite set™ of DLR,s axioms of the fornC; C Cy andR; C
Ro, with R and R, being relations of the same arity. An interpretatibratisfies”; T
Cs (R1 C R») ifand only if the interpretation of’; (R;) is included in the interpretation
of Cy (Ry) at all time, i.e.C’lz(t) - C’QZ(t) (Rf(t) - Rg(t)), for all t € 7. Various
reasoning servicesan be defined iMLRys. A knowledge basel, is satisfiableif
there is an interpretation that satisfies all the axiom&'iin symbolsZ = X). A class
C (or relationR) is satisfiablef there isZ such thatCZ(*) £ () (respectivelyRZ(") £ (),
for some time point. A knowledge baseY, logically impliesan axiom,C; C Cs, and
write X = C7 C Cs, if we haveZ = C; C C, wheneverZ = X. In this latter case,
the concept; is said to besubsumedy the concept’s in the knowledge bas&’. A
conceptC is satisfiable, given a knowledge baSeif there exists a moddl of X' such
thatCZ(®) =£ () for somet € 7,i.e. X = CC L.

3 The Temporal Conceptual ModelER v

In this Section, the temporal EER mod&R 1 [2, 3] is briefly introducedéR v+ sup-
ports valid time for classes, attributes, and relatiorstffiR+ is equipped with both
a linear and a graphical syntax along with a model-theossimantics as a temporal
extension of the EER semantics [7].

An ERyr schemais atuplel = (£, REL, ATT, CARD, ISA, DISJ, COVER, S, T, KEY),
such that:£ is a finite alphabet partitioned into the sefs:(classsymbols), A (at-
tribute symbols), R (relationship symbols),i/ (role symbols), andD (domainsym-
bols). ATT is a function that maps a class symboldrto an.A-labeled tuple oveD,
ATT(E) = (41 : Dy,..., Ay : D). REL Is a function that maps a relationship symbol
in R to ani/-labeled tuple ovef, REL(R) = (U; : C4,...,U; : Ci), andk is thearity
of R. cARD is a functionC x R x U — N x (NU{oo}) denoting cardinality constraints.
We denote withcmiN(C, R, U) andcmax (C, R, U) the first and second component of
CARD. In Figure 2,CARD(TopManager, Manages,man) = (1,1). ISA is a binary rela-
tionshipisa C (C xC)U(R x R). ISA between relationships is restricted to relationships
with the same arity.sA is visualized with a directed arrow, eManager ISA Employee
in Figure 2.DI1SJ, COVER are binary relations ovel® x C, describing disjointness and
covering partitions, respectivelpisJis visualized with a circled “d” andoVvER with
a double directed arrow, e.Department, InterestGroup are both disjoint and they
coverOrganizationalUnit. The seC is partitioned into: a se® of snapshot classes
(the S-markedclasses in Figure 2)a setC™ of Mixed classegtheunmarkedlasses in
Figure 2), and a sét” of temporary classe@ghe T-markedclasses in Figure 2). A similar
partition applies to the s&. s, T are binary relations ovér x A containing, respectively,
the snapshot and temporary attributes of a classgseenarked attributes in Figure 2).
KEY is a function that maps class symbol&’ito their key attributexey (E) = A. Keys
are visualized as underlined attributes.

2 We adopt an EER style where classes are in boxes and rekiperiaside diamondssa are
directed lines, generalized hierarchies could be disj@mtle with a d’ inside) or covering
(double directed lines).
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Fig. 2. An ERyr diagram

The model-theoretic semantics associated with€tRe- modeling language adopts
the snapshat representation of abstract temporal databases and tehymreeptual
models [8]. Following this paradigm, the flow of tin®e = (7, <), where’, is a set
of time points (or chronons) and is a binary precedence relation @ is assumed to
be isomorphic to eithefZ, <) or (N, <). Thus, standard relational databases can be re-
garded as the result of mapping a temporal database fronptinés in7” to atemporal
constructs, with the same interpretation of constants e@dame domain.

Definition 1 (ERyr Semantics)Let Y be anERyr schema. Aemporal database state
for the schema” is a tupleB = (7, AB U AB .B(®)) such that: A is a nonempty
set disjoint fromAR; AP = Up, .p AP, is the set of basic domain values used in the

schemaX; and -2®) is a function that for each € 7 maps:

— Every clasg to a setCB8(*) C AB,

— Every relationshipR to a setR3(*) of U-labeled tuples ovenN\3—i.e., letR be an
n-ary relationship connecting the class@s, ..., C,,REL(R) = (U; : C4,..., Uy, :
Cp),theny € RB®) — (r = (U :01,...,Up s 0,)AVi € {1,...,n}.0; € CiB(t)).
We adopt the conventiott/; : o1,...,U, : 0,) = (01, ..., 0,), when U-labels are
clear from the context.

— Every attributeA to a setAB(") C AB x AB.

B is said alegal temporal database statkit satisfies all of the constraints expressed
in the schema. In particular, in the following we will showhd supports defining the
semantics of timestamping.

— every domain symbdD; into a setDP) = A%i.

3.1 Timestamping

We illustrate timestamping just for classes. Similar ide@sused i€ Ry to associate
timestamping to both relationships and attributes.

3 The snapshot model represents the same class of tempaibhdas as thenestampnodel [15,
16] defined by adding temporal attributes to a relation [8].



ERy is able to distinguish betweeamapshotonstructs—i.e. constructs which bear
no explicit specification of a given lifespan [14], which wenwey by assuming a global
lifespan (see Section 6.1) associated to each of theimostatemporaryconstructs—
i.e. each of their instances has a limited lifespan-mixed constructs—i.e. their in-
stances can have either a global or a temporary existentiee following, a class, rela-
tionship or attribute is called temporal if it is either teonary or mixed. The two temporal
marks,S (snapshot) and (temporary), introduced at the conceptual level, captuoh s
temporal behavior. The semantics of timestamping can noslefined as follows:

0cCBW) v’ eT.oeCB)  Snapshot O ass
0cCBW) — It/ LtogCBT)  Tenporary O ass

The two cases are captured by the followiRgR;,s axioms, respectively:

CC(ote)n(o—a) Snapshot C ass
CC(OT=C)u (0~=0) Tenporary Cl ass

The distinction between snapshot, temporary and mixedagrers has been adopted
in ER vy to avoidoverloadingthe meaning of un-marked constructors. Indeed, a mere
distinction between temporal (using a temporal mark) aedaoral (leaving the con-
structor un-marked) constructors may be ambiguous in thening of un-marked con-
structors. In this setting, un-marking is used to model batly atemporal constructs
(i.e., snapshot classes whose instances lifespan is alegua to the whole database
lifespan), as well as legacy constructs (fgoward compatibility where the construct is
not marked as temporal because the original data model didupport the temporal
dimension. The problem is that, due to the interaction betwbe various components
of a temporal model, un-marked constructors can even palpospresent temporary
constructs. As an example, think of &n involving a temporary entity (as superclass)
and an un-marked entity (as a subclass). Since a designastdanecast all the possible
interactions between the (temporal) constraints of a gagceptual schema, this ulti-
mately means thattemporality cannot be guaranteadd this is true even for the upward
compatibility. ERy 7 is stricter in imposing a snapshot mark to force both atemifigr
and upward compatibility. Furthermor&R v relies on a reasoning mechanism that in
the abovasa example would acknowledge the designer of the change fromanked
to temporary; e.g. a temporary mark is deduced for BeeManger andTopManager
in Figure 2 (see [3] for an exaustive list of deductions imid timestamps). This point
of view is also reflected when mappid@ 1 into a relational schema where both tem-
porary and un-marked constructors are mapped into a relatith added timestamp
attributes, while snapshot constructors do not need anyiawial time attribute (for full
details on the€ Ry 1 relational mapping see [1]).

4 Evolution Constraints

Evolution constraints are intended to help in modeling émedoral behavior of an object.
This section briefly recalls the basic concepts that hava pegposed in the literature to
deal with evolution, and their impact on the resulting cgruoal language.

Status[18, 9] is a concept associated to temporal classes to testire evolving
status of membership of each object in the class. In a get@riporal setting, objects
can be suspended and later resumed in their membershipdFi@uent statuses can be
specified, together with precise transitions between them:



— Scheduled. An object is scheduled if its existence within the class isvwn but its
membership in the class will only become effective some tater. For example, a
new project is approved but will not start until a later d&termally, each scheduled
object will eventually become an active object.

— Active. The status of an object is active if the object is a full mendfehe class. For
example, a currently ongoing project is an active membeinat now, of the Project
class.

— Suspended. This status qualifies objects that exist as members of tres dbaut are
to be seen as inactive members of the class. Being inactiemsnihat the object
cannot undergo some operations (e.g., it is not allowed tdifjpthe values of its
properties). For example, an employee taking a temporamelef absence can be
considered as a suspended employee. A suspended object thaspast an active
one.

— Disabled. Itis used to model expired objects in a class. A disabledatljas in the
past a member of the class. It can never again become a nalletisnember of that
class (e.g., an expired project cannot be reactivated).

Transitiong[11, 12, 18] have been introduced to model the phenomentedadject
migration A transition records objects migrating fromsaurceclass to aargetclass.
At the schema level, it expresses that the instances of thesalass maynigrateinto
the target class. Two types of transitions have been comglddynamic evolutionwhen
objects cease to be instances of the source clasgyaranic extensigrotherwise. For
example, we could specify a dynamic evolution between tagsobf Undergraduate stu-
dents and the class of Postgraduate students, while a dgeatension could model the
transition between the class Students and the class Engddgesuming an employee,
formerly a student, may migrate back and become a studemt)aga

Generationrelationships [18] express that (sets of) objects in a tarigess may be
generated from (sets of) objects in a source class. The sks®may serve as source
and target class. While transitions involve object instanigearing the same oid, object
instances linked by generation relationships necesdagidy different oids. Depending
whether the source objects are preserved (as member of tineesdass) or disabled,
we distinguish between roductionand atransformation respectively. For example, a
transformation relationshifii ve, betweerOr ange andJui ce specifies that oranges
are transformed into orange juice. Cardinality consteag#n be added to specify the
cardinality of sets involved in a generation (e.g., no mbent5 oranges for 1 juice).

Cross-Timerelationships [19, 17, 18] describe relationships betwagacts that do
not exist at the same time and possibly not at the time théoekhip is asserted. There
are many examples of these relationships, consider, fangbea a relationship “biogra-
phy” between an author and a famous person already deacds oeldtionships “grand-
parent” that holds even if the grandparent passed awayd#iergrandchild was born,
and could be asserted even when either the grandparent grahdchild do not exist
anymore.

5 Modeling Requirements

This Section illustrates the requirements that are fretipadvocated in the literature on
temporal data models. These requirements are not so olwlearsdealing with evolving
objects. The formalization carried out in this paper is riyamotivated by providing a
data model able to respect these requirements also in pesérvolving objects.



— Orthogonality. Temporal constructs should be specified separately angémnde
dently for classes, relationships, and attributes. Dejpgndn application require-
ments, the temporal support must be decided by the designer.

— Upward Compatibility. This term denotes the capability of preserving the nontem-
poral semantics of conventional (legacy) conceptual sesewhen embedded into
temporal schemas.

— Snapshot Reducibility. Snapshots of the database described by a temporal schema
are the same as the database described by the same schenesaleenporal con-
structs are eliminated and the schema is interpreted atathpdndeed, this property
specifies that we should be able to fully rebuild a temportdhizse by starting from
the single snapshots.

Orthogonality affects mainly timestamping [18] afi 1 already satisfies this prin-
ciple by introducing temporal marks that could be used t@ifpéhe temporal behavior
of classes, relationships, and attributes in an indepdivean

Upward compatibility and snapshot reducibility are styicelated. Considered to-
gether, they allow to preserve the meaning of atemporaltngsts. In particular, the
meaning of classical constructs must be preserved in suchyatvat a designer could
either use them to model classical databases, or when usegkinuine temporal setting
their meaning must be preserved at each instant of time.

6 Formalizing Evolving Objects

The proposed formalization is based on a model-theorati@aécs and a correspondent
set of axioms expressed using the temporal descriptioo BgiR;,s. This will give us
both a formal characterization of the temporal conceptuadeting constructs, and the
possibility to use the reasoning capabilitieddfR,,s to reason over temporal schemas.
The model-theoretic semantics we illustrate here for thiua evolution constraints is
an extension of the one developed for the m@iRl, 1, introduced in Section 3.

6.1 Status Classes

The evolution in the membership of an object to a temporakdkareflected in the chang-
ing values of the status of the object in the class. This d¢iwmiwbeys some rules that
give rise to a set of constraints. This Subsection specHieset constraints.

LetC be atemporal (temporary or mixed) class. We capture statosition of mem-
bership inC' by associating t@’ the followingstatus classescheduled-C, Suspended-C,
Disabled-C. In particular, status classes are represented by a fixearblig (Figure 3)
that classifies thé€' instances according to their actual status. To preservexgpeom-
patibility we do not explicitly introduce an active classittassume by default that the
name of the class itself denotes the set of active objeetsA¢tive-C = C. We can as-
sume that the status classes are created automaticallyebsyfitem each time a class
is declared temporal. Thus, a designer is not forced nefithietroduce nor to manipu-
late status classes: (s)he can be aware only of active slagske status classes can be
completely transparent to him/her.

Note that, since membership of objects into snapshot dassgobal, the notion of
status classes does not apply to snapshot classes.
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Fig. 3. Status classes.

To capture the intended meaning of status classes, we defiheaconstraints and
then prove that such constraints capture their evolving@bieh as described in the lit-
erature [18, 9]. First of all, disjointness argh constraints between statuses can be de-
scribed as illustrated in Figure 3, whetkis marked as a temporary class whilep is
supposed to be snapshobther than hierarchical constraints, the intended seinsaot
status classes induces the following rules that are retatteeir temporal behavior:

(ExisTs) Existence persists until Disabled.

0 € Exists-CB(") — Vi’ > t.(0 € Exists-CB() v 0 € Disabled-cB(!))
(DisaBl) Disabled persists.

0 € Disabled-CB(") — Vi’ > t.0 € Disabled-C5(*)
(DisaB?2) Disabled was Active in the past.

0 € Disabled-CB(") — 3¢’ < t.0 € CB®)
(SusP) Suspended was Active in the past.

0 € Suspended-CB(®) — 3¢’ < t.0 € B
(ScH1) Scheduled will eventually become Active.

0 € Scheduled-CE®) — 3t > t.0 € cBH)
(ScH2) Scheduled can never follow Active.

0 CB® V' > t.o¢ Scheduled-cB()

DLRys is able to fully capture the hierarchical constraints ofufe3 (see [3] for more
details). Moreover, the above semantic equations are iaphy the followingDLRys
axioms:

(ExISTS) Exists-C C O (Exists-C LI Disabled-C)
(DisABl1) Disabled-C C O Disabled-C

(DisAB2) Disabled-CC &~ C

(SusP  Suspended-CLC & C

(ScH1) Scheduled-C C OtC

(ScH2) CLC O"-Scheduled-C

As a consequence of the above formalization, scheduled iaalildd status classes can
be true only over a single interval, while active and suspér@n hold at set of intervals
(i.e., an object can move many times back and forth from ad¢t\vsuspended status and
viceversa). In particular, as a logical consequence framatiove axioms we have:

4 A similar diagram holds whed' is an unmarked, i.e. mixed, class.



(ScH3) Scheduled persists until actiicheduled-C = Scheduled-C I/ C. Together with
axiom (SH2), we can conclude th&theduled-C is true just on a single interval.
(ScH4) Scheduled cannot evolve directly to Disablgdheduled-C C P —Disbled-C.
(Di1saB3) Disabled was active but it will never become active anymore:
Disabled-C C &~ (CMOT—C).

In the following we show the adequacy of the semantics aasaxtito status classes
to describe) the notions oflifespan, birthanddeathof an object;b) the behavior of
temporal classes involved isA relationshipsi) the object migration between classes;
d) the relationships that involve objects existing at difertimes (both generation and
cross-time relationships).

Isa vs. status When anisa relationship is specified between two temporal classes, say
B 1sA A, then the following constraints must hold between the retbgestatus classes:

Objects active irB must be active i;

Objects suspended B must be either suspended or activedin
Objects disabled i must be either disabled, suspended or activé;in
Objects scheduled iB cannot be disabled id;

Objects disabled id and active inB in the past must be disabled i

arwdE

The formalization of status classes provided above is rficgnt to guarantee prop-
erties (1-5). We need to further assume that the system behaves undentperalisA
assumptionEach time ansa between two temporal classes holdsi6A A), then an
ISA between the respective existence status classeis{s-B ISA Exists-A) is auto-
matically added by the system. Now, we are able to prove thettp (1-5) above are
entailed by the semantics associated to status classesthademporalsa assumption.

Proposition 1. Let A, B be two temporal classes such thHatsA A, then properties (1-5)
are true.

Proof.

1. Obviously true sincés 1ISA A holds, and bott4, B are considered active.

2. Leto € Suspended-BB(*0), sinceSuspended-B ISA Exists-B, and (by temporal
ISA assumptionExists-B ISA Exists-A, then,o € Exists-AB(*0). On the other
hand, by (®sP), 3t; < tg.o € BB and thenp € AB*), Then, by (£H2),

o ¢ Scheduled-AB(*) Thus, due to the disjoint covering constraint betweervacti
and suspended classes, either A5(*) or o € Suspended-A5(*),

3. Leto € Disabled-B5(*), then, by (DsAB2), 3t < tg.0 € B5() By Bisa A and
AISA Exists-A, theno € Exists-AB() . By (ExisTs) and the disjointness between
existing and disabled classes, there are only two pod#kikt point in time, > ¢’
(@) o € Exists-AB(0) and thus, by (8H2), 0 € AB(*) or o € Suspended-AB(*o);

or
(b) o € Disabled-AB(t0),

4. Leto € Scheduled-B5(0), then, by (8H1), 3t' > t9.0 € BE) and byB IsA A,

o € AB() Thus, by (DsaB1) and the disjointness between active and disabled
statesp ¢ Disabled-AB(t0),

5 We let the reader check that points 2 and 5 are not necessagly



5. Leto € Disabled-AB(0) ando € BB for somet’ < ty, then,o € Exists-B5(),
By (ExisTs) and the disjointness between existing and disabled datisere are
only two possibilities at point in time¢, > t': eithero € Exists-B5() oro €
Disabled-BB(*o) By absurd, leb € Exists-B2(%), then by temporalsa assump-
tion, o € Exists-AB(*) which contradicts the assumption that Disabled-AB(*o),

Please note that, as far as disjointness between classassislered, this constraint
just involves active classes. Thus no further constraie¢girto be specified.

Lifespan Here we define the lifespan of objects belonging to a tempdeas, to-
gether with other related notions. In particular, we defin@SEENCE:, LIFESPAN(,
ACTIVE¢, BEGINg, BIRTHo and DEATH¢ as functions depending on the object mem-
bership to the status classes associated to a temporaltlass

The existence timef an object describes the temporal instants where the bbjec
is either a scheduled, active or suspended member of a glass. dMore formally,
EXISTENCESPANG : AB — 27 such that;

EXISTENCESPANC (0) = {t € T | 0 € Exists-CE(®)}

The lifespanof an object describes the temporal instants where the bisjen active
or suspended member of a given class (thuseBPAN-(0) C EXISTENCESPAN(G (0)).
More formally, LFESPAN: : AB — 27 such that:

LIFESPANG(0) = {t € T | 0 € ¢B®) U Suspended-c5("}

Theactivesparof an object describes the temporal instants where the bikjaa active
member of a given class (thusCAIVESPANG(0) C LIFESPANG(0)). More formally,
ACTIVESPANG : AB — 27 'such that;

ACTIVESPANG(0) = {t € T | 0 € cB®)}

The functions EGINc and DEATH¢ associate to an object the first and the last appear-
ance, respectively, of the object as a member of a given,cldste BIRTH- denotes
the first appearance as an active object of that class. Mongafty, BEGIN¢, BIRTH,
DEATH¢ : AB — T, such that;

BEGIN¢ (0) = min(EXISTENCESPAN(C (0))
BIRTH¢(0) = min(ACTIVESPANG(0)) = min(LIFESPANG(0))
DEATH¢(0) = max(LIFESPANG(0))

We could still speak of existencespan, lifespan or actigesp case of snapshot
classes, but EISTENCESPANG (0) = LIFESPANG(0) = ACTIVESPANG(0) = 7.

6.2 Transition

Dynamic transitions between classes model the notion @&oblojigration from a source
to a target class. Two notions of dynamic transitions betweasses are considered in
the literature [18,12, 11Jdynamic evolutionwhen an object ceases to be an instance
of a source class, amtiynamic extensigrwhen an object is still allowed to belong to
the source. Concerning the graphical representationjustrdted in Figure 4, we use a
dashed arrow pointing to the target class and labeled wittelebEX or DEV denoting
dynamic extension and evolution, respectively.

In a temporal setting, objects can obviously change theinbeship class. Specify-
ing a transition between two classes means that:



Fig. 4. Dynamic Transition

. We want to keep track of such migration;

. Not necessarily all the objects in the source participatbe migration;

. When the source class is a temporal class, migrationvasainly objects “existing”
in the class (i.e., scheduled, active and suspended opjétiss, disabled objects
cannot take part in a transition.

WN -

In the following, we present a formalization that satisfleséabove requirements. For-
malizing dynamic transitions as relationships would reisubinary relationships linking
the same object that migrates from the source to the targes.clThus, a more natural
choice seems to describe them as classes denoted by ®itker -, or DEV¢, ¢, for
dynamic extension and evolution, respectively. More fdiynan case of adynamic ex-
tensionbetween classes; , Cs the following semantic equation holds:

0 € DEXg\ ', — (0 € Exists-C:5®) Ao € Scheduled-C,5" Ao e €y FY)

And the equivalent set @D LRy, s axioms is:

DEXc,,c, & Exists-Cy
DEX¢,,c, T Scheduled-C, MNP Cy

In case of adynamic evolutioletween classeS;, Cs the source object cannot belong
to the source class till the migration is in place. Thus, tie#ing semantic equation
holds:

0c DEVlcg‘gt,)C2 — (0 € Exists-C1 B Ao € Scheduled-Co5") Ao € CQB(tH)/\
v >t+1oe Cy) —og cfy)

And the equivalent set @DL R, s axioms is:

DEVc,,c, C Exists-Cy

DEV¢,,c, T Scheduled-C, MNP Cy
DEVCl,CQ C D+(Cg — ﬁCl)

Please note that, in cage is a snapshot class, thebxists-C; = ;. Finally, we
formalize the case where the sourc¢g ) and/or the target({,) totally participate in a
dynamic extension (at the conceptual level we add mandatodinality constraints):

oeCf(t) — ' > toe DExg(f’gQ Source Total Transition

1
06025(” — 3t < toe DExggféQ Target Total Transition

The above cases are captured by the follovlingR,,s axioms, respectively:

C1 C OTDEXc, o Source Total Transition
Cy € O7DEXcy,c, Target Total Transition

In a similar way we deal with dynamic evolution constraints.
An interesting set of logical consequences of the aboveqs®gh modeling of dy-
namic transitions is:
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Fig. 5. Production and transformation generation relationships.

1. The classeBEX(, ¢, andDEV, ¢, are temporary classes (actually, they are instan-
taneous).
Indeed, let € DEXCr,,, theno ¢ C;” ando € C;**Y, thus,o ¢ DEXC('¢,).

Note that, the time such thab ¢ DExggt)c2 records when the transition event hap-

pens. Similar considerations apply eV, ¢, .

2. Objects in the classeEX¢, ¢, andDEV¢, ¢, cannot be disabled &s,.
Indeed, sinc®EXc, ¢, T D Oy, i.e. objects iEXc, ¢, are active inC, starting
from the next pointin time, then by property (€nB3), DEX¢, ¢, T —Disabled-C,.
The same holds fabEvc, ¢, .

3. The target clas€> cannot be snapshot (it becomes temporary if all of its member
are involved in the migration).
This is a direct consequence of the semantics of transitidrese the migrating ob-
ject cannot be a member of the target class before the ti@anképpens.

On the other hand, a logical consequence of dynamic eval(iioaddition to the ones
stated above) is that the source cla&ss, cannot be snapshot (and it becomes temporary
if all of its members are involved in the migration). Indead,object evolving front!

to C ceases to be a member®©f.

6.3 Generation Relationships

Generation relationships [18] represent processes thdtttethe emergence of new in-
stances starting from a set of instances. Two distinct getioer relationships have been
introducedproduction when the source objects survive the generation protressfor-
mation when all the instances involved in the process are consuftatie conceptual
level we introduce two marks associated to a relationgBip:for production andsT
for transformation relationships (see Figure 5). Furttamaman arrow points to the target
class.

We model generation as binary relationships connectinguacscclass to a target
one:REL(R) = (source : (], target : Scheduled-C,). The semantics gfroduction
relationships R, is described by the following equation:

(01,092) € RBW) (01 € ClB(t) A 05 € Scheduled-CoBM A 05 € CE(HU)

Thus, objects active in the source class produce objedteacthe target class (possibly
the same as the source class) at the next pointin time. Nbtitehe use of status classes
allow us to preserve snapshot reducibility. Indeed, fohgaair of objects{o;, 02), be-
longing to a generation relationships is active in the source while, is scheduled in
the target. Th&® LR,s axiom capturing the production semantics is:



R C source : (' Mtarget : (Scheduled-Co M@ Cs)

The case ofransformationis captured by the following semantic equation:

(01,09) € RB® (01 € ClB(t) A 01 € Disabled-C;B(t+1) A
09 € Scheduled-C,2M Ao, € Cf(tﬂ))

Thus, objects active in the source generate objects actifeitarget at the next point in
time while the source objects cease to exist as member obthrees. TheDLR,s axiom
capturing the transformation semantics is:

R C source : (C; M@ Disabled-Cy) Mtarget : (Scheduled-Cy M D Cy)

Logical consequences of the above formalization are:

1. The target class,>, cannot be snapshot (it becomes temporary if total pasticp
is specified).
Indeed, let(o1, 02) € RE®, then,o, ¢ C5" ando, € CPUY.

2. A generation relationshig, is temporary.
Indeed, let(oy, 05) € RB®, then, sincer; ¢ Scheduled-Co Y then, (o1, 02) ¢
RB(t+1)_

3. If R is a transformation relationship, thett, cannot be snapshot.
Indeed,C; will be disabled at the next point in time.

6.4 Cross-Time Relationships

Cross-time relationshipeelate objects that are members of the participating ctaate
different times. The conceptual model MADS [18] allows &ynchronizationmelation-
ships to specify temporal constraints (Allen temporaltiefes) between the lifespan of
linked objectsHistorical marksare used in the ERT model [17] to express a relation-
ships between objects not existing at the same time (botrapdguture historical marks
are introduced).

This Section formalizes cross-time relationships withahe of preserving the snap-
shot reducibility of the resulting model. We explain thisthva concrete example. Let
Bi ogr aphy be a cross-time relationship linking the author of a biobsawith a fa-
mous person no more in existence. Snapshot reducibility et if there is an instance
(say,bio = (Tulard,Napoleon)) of the Bi ogr aphy relationship at time, (in par-
ticular, Tulard wrote a bio on Napoleon on 1984), then, thegshot ofBi ogr aphy at
time ¢y (1984 in our example) must contain the pélinlard, Napoleon). Now, while
Tul ar d is a member of the clagdut hor in 1984, we cannot say thalapol eon is
member of the clasBer son in 1984. Our formalization of cross-time relationships{pro
poses the use of status classes to preserve snapshot iguciiee biography example
can be solved by asserting thdapol eon is a member of thé&i sabl ed- Per son
class in 1984.

At the conceptual level, we mark wifh=,F (standing for Past, Now and Future, re-
spectively) the links of cross-time relationships. Funthere, we allow for the compound
marksP,= andF,=, while just specifying= doesn’t add any constraint. Assuming ttiat
is a cross-time relationship between clasSesC,, then, the semantics of marking the
C1 link is:
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Fig. 6. Cross-Time Relationships

r = {e1,es) € RB® — ¢; € Disabled-C;8(") Aey € C Strictly Past P)
r={e1,e2) € RB® ¢y € (C1 U Disabled-Cy) B(t) A eq € C’QB(t) Past P=)
r={e1,e2) € RB® s ¢, € Scheduled-C;8®) Aey € C’B(t) Strictly Future F)
r = {e1,es) € RB®) — ¢ € (C) L Scheduled-Cy)B®) Ae, € Cf(t) Future £=)

The correspondin®LR,s formalization is:

R C U, : Disabled-C; MUy : Cy Strictly Past P)
RCU;: (Cl [ Disabled—C1) MUy : Cy Past P,z)

RC U : Scheduled-C; MUy : Cy Strictly Future F)
RC U : (Cy UScheduled-C;) MU : Cy Future £=)

The diagram (a) of Figure 6 shows the modeling of Bi@gr aphy example assuming
that a biography is written just on dead persons. The diagbdrshows how to use past
marks to represent th@& andFat her relationship assuming that the grandfather can
be either alive or dead for the relationship to hold. Finalllagram (c) shows the use
of the future mark to model the fact that an employee can wark project before the
project officially starts. Note that marks can be added td Ipairticipating classes. For
example, adding the marfk= on the grandchild link allows for representing the case
where grandparent holds even when the grandchild is notoret b

Interesting logical consequences of the given formaliratiold when strict con-
straints are specified (let assume thatparticipates with a strict past or future mark):

1. BothC; and the cross-time relationship are temporary.
2. The lifespan of objects i6V; is strictly before (strictly after for future marks) of the
lifespan of linked objects id;.

7 Conclusions

In this paper we proposed a formalization of the various rfindeonstructs that sup-
port the design of temporal DBMS with particular attentiorevolution constraints. The
formalization, based on a model-theoretic semantics, kas bleveloped with the aim
to preserve three fundamental modeling requirements:oQahality, Upward Compat-
ibility and Snapshot Reducibility. The introduction of tsisi classes, which describe the
evolution in the membership of an object to a temporal claBsywed us to maintain
snapshot reducibility when characterizing both genenatand cross-time relationships.



Starting from the model-theoretic semantics assignedgteaimporal conceptual con-
structs, we have been able to show how temporal constraamde equivalently ex-
pressed using a subset of first-order temporal logic, R€R s, the description logic
DLR extended with the temporal operat&@imceandUntil. Overall, we obtained a tem-
poral conceptual model that preserves well establishecelimgprequirements, equipped
with a model-theoretic semantics, and with the possibibtperform automated reason-
ing by mapping the conceptual model into a description |tggory.
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