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Abstract. This paper gives a formalization of the various modelingstarcts that
support the design of temporal DBMS. We conduct a deep iiga&in on evolu-
tion constraints, eventually devising a model-theoretimantics for a full-fledged
model with both timestamping and evolution constraintsctfi@ermore, we also
show how to express temporal constraints using a subsetstfofider temporal
logic, i.e., the temporal description loglRLR s .

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 [17]. 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 ngarktianslate 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 preohithe same class.
Application-levekonstraints rul@bject migrationi.e., the possibility for an object
to change its class membership from one class to anotheex@onple, an object in
the Student class may later migrate to become an object ¢fabelty class.

The contribution of this paper is to give a formalization loé various temporal con-
structs with particular attention to evolution constrainhdeed, while timestamping as-
pects have been extensively discussed [3, 4, 10, 12, 18 2Har formalization 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 [4, 20, 14,13, 19,
21]. The proposed formalization relies on a model-theosstimantics aiming at both for-
mally clarifying the temporal constructs and to supporsoeang over them. Concerning
the reasoning aspects, we target a description logic appraest suited for reasoning
on conceptual models [8]. 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. In particular, [3, 4] define #i® v+ model, a temporal EER model based
on a model-theoretic semanti&R 1 is equipped with timestamping capabilities and
both a linear and a graphical syntax. In this paper we conaudeteper investigation on
evolution constraints, eventually devising a model-tedorsemantics for a full-fledged
model with both timestamping and evolution constraintstiiermore, we also show how
to express temporal constraints using a subset of firstréedgooral logic, i.e., the tem-
poral description logi®LRys [5]. PLRys is based on the expressive and decidable
description logicDLR that allows for the logical reconstruction and the extemsi
representational tools such as object-oriented and sé&ndaiia models, frame-based
and web ontology languages [7-9]. In this way, temporal taitgs can be expressed
in a succinct way while reasoning techniques could be usetktive new constraints.
Few remarks on the complexity of reasoning over temporag¢mets. FUllDLR s is
undecidable [5]. The languageLR s, obtained by eliminating temporal operators in
front of relationships, is decidable in ExpSpace [S]—tHMSR ;s cannot express the
temporal behavior of relationships. The above undecidgibdsult holds true even when
reasoning just o8 Ry with timestamping and evolution constraints [2]. On theeoth
hand, reasoning just on timestamping can be done in 2-Exp[6in

The paper is organized as follows. The next two Sectiondlrdeacharacteristics of
the description logic and the temporal conceptual modelloiclmwve build our proposal.
Section 4 discusses the evolution constraints we addres$io 5 shows the formal
definition of our evolution framework.

2 The Temporal Description Logic

As a language for expressing temporal conceptual schemasevéhe combination of
the propositional temporal logic withinceandUntil and the (non-temporal) description
logic DLR [7]. The resultingDLRys [5] temporal description logican be regarded as

a rather expressive fragment of the first-order temporatIbgince untilh (cf. 10, 15]).

The basic syntactical types 8L R s areclassedi.e., unary predicates, also known
asconceptyandn-ary relationsof arity > 2. Starting from a set afitomic classegde-
noted byCN), a set ofatomic relationgdenoted byRkN), and a set ofole symbolgde-
noted byU) we define inductively (complex) class and relation expgogssas is shown
in the upper part of Figure 1, where the binary construaisi({, S) are applied to re-
lations of the same arity, j, k, n are natural numbers,< n, and; does not exceed the
arity of R.

The non-temporal fragment @£ R;,s coincides withDLR. For both class and
relation expressions all the Boolean constructs are dlail@he selection expression
U;/n : C denotes am-ary relation whose argument namé&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 projectioreor over the
argument named’; of the relationR; the plain classical projection #1[U;]R. It is
also possible to use the pure argument position versioneofrtbdel by replacing role
symbolsU; with the corresponding position numbeérs

The language oD LR s is interpreted inemporal modelsver7, which are triples
of the formZ = (T, AT, .Z®), whereA” is non-empty set of objects (tlwmainof 7)
and-Z() aninterpretation functiorsuch that, for every € T, every clasg”, and every
n-ary relationR, we haveCZ(®) € AT and RZ(®) C (AT)". The semantics of class and
relation expressions is defined in the lower part of Fig. lemlu,v) = {w € T | u <
w < v} and the operator&™ (always in the future) and~ (always in the past) are
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Jo > t.({ds, ..., dn) € RE®) AVw € (£,0).(da,...,dn) € RF™)}

(R1 S R2)™® = {(dy,...,dn) € (Tn)T® |

v < t.((di,...,dn) € Ra™) AVw € (v,t).(d1,...,dy) € RT™)}
(OTR)T® = {(dy,...,dn) € (Tn)*® |3v >t.(di,...,d,) € R*W}
(P R)ZY = {(dv,...,dn) € (To)*Y | (d,...,d,) € RFEHD}
(O"R)ZW = {(d1,...,dn) € (To)*Y | v < t.{d1,...,d,) € RTW}
(O R)TY = {(dr,...,dy) € (To)*P | (di,...,d,) € RF¢D}

Fig. 1. Syntax and semantics 81LRys .

the duals of>* (some time in the future) anét~ (some time in the past), respectively,
i.e.,0vC = ~0+-C andO~C = -0~ —=C, for both classes and relations. For classes,
the temporal operators™, @ (at the next moment), and their past counterparts can be
defined vial/ andS: OTC = TU C, B C = L U C, etc. The operatoré* (at some
moment) and its duall* (at all moments) can be defined for both classes and rela®ns
O*C=CUOTCUO~CandO*C = CnOtC no~C, respectively.

A knowledge basés a finite set)’ of DLRys axioms of the formC; C C5 and
Ry C Ry, with Ry and R, being relations of the same arity. An interpretatiosatisfies
C1 E Cy (Ry C Ry) if and only if the interpretation of®; (R;) is included in the
interpretation o’ (R2) at all time, i.e.C’lz(t) C CQI(“ (Rf(t) C Rg(t)), forallt e 7.A
knowledge basel, is satisfiablef there is an interpretation that satisfies all the axioms
in X' (in symbolsZ = X). A classC (or relationR) is satisfiablef there isZ such that
CT® £ () (respectivelyRT(") £ (), for some time point. Finally, we say tha implies
Cy C Oy, and writeX |= Cy C Cs, if we haveZ = C; C Cy whenevef | Y.

3 The Temporal Conceptual ModelER v+

In this Section, the temporal EER mod&R 1 [3, 4] is briefly introducedéR v+ sup-
ports valid time for classes, attributes, and relatiorstfifR 1 is equipped with both
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a linear and a graphical syntax along with a model-theossimantics as a temporal
extension of the EER semantics [9].

An ERyr schemais atuplel = (£, REL, ATT, CARD, ISA, DISJ, COVER, S, T, KEY),
such that:L is a finite alphabet partitioned into the seafs(classsymbols),A (attribute
symbols),R (relationshipsymbols),i/ (role symbols), andD (domainsymbols).C is
further partitioned into: a s&t° of snapshot classgghe s-markedclasses in Figure 2)

a setC™ of Mixed classegthe unmarkedclasses in Figure 2), and a st of tem-
porary classegqthe vT-markedclasses in Figure 2). A similar partition applies to the
setR. ATT is a function that maps a class symboldrto an.A-labeled tuple oveD,
ATT(E) = (A; : D1,..., A, : Dy). REL is a function that maps a relationship sym-
bol in R to anl{-labeled tuple ove€, REL(R) = (U : C1,...,Ur : Cy), andk

is thearity of R. CARD is a functionC x R x U — N x (N U {oco}) denoting car-
dinality constraints. We denote wittmMIN(C, R, U) andcMAX (C, R, U) the first and
second component @fARD. In Figure 2,CARD(TopManager, Manages, man) = (1,1).
ISA is a binary relationshipsa C (C x C) U (R x R). ISA between relationships is
restricted to relationships with the same ariga is visualized with a directed arrow,
e.g.Manager ISA Employee in Figure 2.D1SJ, COVER are binary relations ove x C,
describing disjointness and covering partitions, respelgt D1sJis visualized with a cir-
cled “d” and cover with a double directed arrow, e.Department, InterestGroup
are both disjoint and they cov@trganizationalUnit. S, T are binary relations over
C x A containing, respectively, the snapshot and temporarpatés of a class (see T
marked attributes in Figure 2XEY is a function that maps class symbolsdrio their
key attributeskey (E) = A. Keys are visualized as underlined attributes.

The model-theoretic semantics associated with€tRe-r modeling language adopts
the snapshat representation of abstract temporal databases and tehymreeptual
models [10]. Following this paradigm, the flow of tinffe = (7,, <), where7, is a set
of time points (or chronons) and is a binary precedence relation @ is assumed to

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

2 The snapshot model represents the same class of temparhadas as thenestampnodel [17,
18] defined by adding temporal attributes to a relation [10].



be isomorphic to eithe{Z, <) or (N, <). Thus, a temporal database can be regarded as a
mapping from time points iA” to standard relational databases, with the same interpre-
tation of constants and the same domain.

Definition 1 (ERyr Semantics)Let Y’ be anERyr schema. Aemporal database state
for the schema? is a tupleB = (7, A8 U AB .B(®)) such that:AP is a nonempty
set disjoint fromAf; AP, = U, .p AP, is the set of basic domain values used in the
schemaX. -B®) is a function such that for eache 7 maps:

— every domain symbdD; into a setDiB(t) = A%i.

— Every clasg' to a setCB(*) C AB,

— Every relationshipR to a setRB(*) of U-labeled tuples oveAB—i.e., letR an n-ary
relationship connecting the classe€s, ..., C,, REL(R) = (U1 : C1,...,U, : Cy),

then,r € RBY — (r = (U, : 01,...,Up : 0,) AYi € {1,...,n}.0; € CiB(t)).
We adopt the conventioit/; : o1,...,U, : 0,) = (01, ..., 0,), when U-labels are
clear from the context.

— Every attributeA to a setAB(*) C AB x ABB,

B is said alegal temporal database staifit satisfies all of the constraints expressed in
the schema. In particular, in the following we will show h#gives a semantic account
to timestamping.

3.1 Timestamping

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

ERvyr is able to distinguish betweesnapsho(see the consensus glossary [16] for
the terminology used) constructs—i.e. each of their insgtarhas a global lifespan (see
Section 5.1)-temporaryconstructs—i.e. each of their instances have a limitedpiée—
or mixedconstructs—i.e. their instances can have either a glotzaiemporary existence.
In the following, a class, relationship or attribute is edltemporal if it is either temporary
or mixed. Two temporal marks (snapshot) and (temporary), are introduced at the
conceptual level to capture such temporal behavior. Th@s#os of timestamping is the
following:

0eCB) v’ eT.0oeCB) Snapshot O ass
0cCBW) — 3t/ Ltog CBY)  Tenporary d ass

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

CC(otC)n(o-0) Snapshot Cl ass
CLC (OT=C)U(¢~=C) Tenporary C ass

Note that, the distinction between snapshot, temporarynaimdd constructors has
been adopted to avomverloadingthe meaning of un-marked constructors. Indeed, those
models that distinguish just between temporal (using a teadpnark) and atemporal
(leaving the constructor un-marked) constructors are gutuis in the meaning of un-
marked constructors. From one side, the intended meaning-afarked constructors is
that they retain the atemporal semantics of standard ER Isoteus, they are used to
model either legacy constructors (achieviqgvard compatibility or atemporal portion
of the database. On the other side, due to the interactiomeleet the various compo-
nent of a temporal model, un-marked constructors could temded even as temporary



constructors. As an example, think to iama involving a temporary class (as superclass)
and an un-marked class (as a subclass). Since a designet éaretast all the possible
temporal interactions, this ultimately means that ateralitgrcannot be guaranteed and
this is true even for the upward compatibiliyR 1 is more strict imposing a snapshot
mark to force both atemporality and upward compatibilitiisTpoint of view is also
reflected when mappin§Ry ¢ into a relational schema where both temporary and un-
marked constructors are mapped into a relation with adaeestamp attributes, while
snapshot constructors do not need any additional timebatéri(for full details on the
ER vy relational mapping see [1]).

4 Evolution Constraints

Evolution Constraintare used in order to model the temporal behaviors of an abject
Here we mention the various evolution constructors appkiaréhe literature and their
impact in the resulting conceptual language.

Status Classd20, 11] are used to describe the status of membership ofjantotar.t.
a temporal class. In a temporal setting, objects can be sdegeand further resumed
in their membership. Usually, four different status arecsjed together with precise
transitions between them:

— Scheduled. An object is know in advance to belong to a class (e.g., an panoxed
project but still not officially started). Each schedulegeaiwill eventually become
an active one.

— Active. Describes an object that is actually member of the class.

— Suspended. Describes objects that still exist as member of the classtute op-
erations are no more permitted. Usually it is not allowed tdify properties of
suspended objects (e.g., an employee taking leave of absande considered as a
suspended employee). A suspended object was in the padivenate.

— Disabled. It is used to model expired objects in a class. In particidadjsabled
object was in the past a member of the class but it cannot beegain a member of
that class (e.g., an expired project).

Transition constraints [13, 14, 20] have been introduced to model tl@menon
calledobject migration A transition constraint involves sourceand atargetclass: the
instances of the source class nmlgrateinto the target class and migrating objects must
be recorded. Two types of transitions have been considesgthmic evolutiorwhen
objects cease to be instances of the source clasgjyaranic extensigrotherwise. For
example, we could specify a dynamic evolution between tagscdbf Undergraduate and
that one of Postgraduate students, while a dynamic extersiold model the transition
between the class of Students and that one of Employees ikwlow for an Employee
to migrate back and become again a Student).

Generationrelationships [20] involve different instances—diffetlgrfrom the tran-
sition case: an instance (or set of instances) from a souass s (are) transformed in
an instance (or set of instances) of the target class. Déamgmhether the source ob-
ject is preserved (as member of the source class) or disavkedistinguish between
a productionand atransformation respectively. For example, a generation relationship,
Gener at e, betweenOr ange andJui ce specifies that oranges are transformed into
orange juice. Cardinality constraints can be added to §p#w cardinality of sets in-
volved in a generation.

Cross-Timeelationships [21, 19, 20] involve objects that do not eatgshe same time
the relationship is asserted. There are many examplessd tietationships, consider, for
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example, arelationship “biography” between an author dadwus person already dead,
or the relationships “grandparent” that could be assesed when either the grandparent
or the grandchild do not exist anymore.

5 Formalizing Evolving Objects

The proposed formalization is based on a model-theoreati@eécs 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 capabilitiedvfR;,s to reason over temporal schemas.
The model-theoretic semantics we illustrate here for thi®ua evolution constraints is
an extension of the one developed for the ma@Rl, and introduced in Section 3.

5.1 Status Classes

Transitions between status classes model the evolutidmeimmiembership of an object
to a temporal class. L&t be a temporal class, i.e., either a temporary or a mixed class
(see Sect. 3.1), we capture status transition of membeirsidipby associating t@”’' the
following status classes$cheduled-C, Suspended-C, Disabled-C. To preserve upward
compatibility we do not explicitly introduce an active cddsut we assume by default that
the name of the class qualify itself as the set of active abjecictive-C = C. In this
way, we could assume that the status classes are created bystiem each time a class
is declared temporal. Thus, the user is not forced neithenttoduce nor to manipulate
status classes: designers could only be aware of activeedaghile status classes could
be completely transparent to them. Note that, since merhipen$ objects into snapshot
classes is global, the notion of status classes does not eppghapshot classes.

To capture the intended meaning of status classes we asaddoc constraints
and then prove that such constraints capture their evolv@igvior as described in the
literature [20, 11]. First of all, disjointness constrainan be described by the conceptual
schema in Figure 3 whex@ is marked as a temporary class whilep is supposed to be
snapshct Other than the disjointness constraints the semanticatdisiclasses should
reflect the following temporal behavior:

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



(ExisTs) Existence persists until Disabled.

0 € Exists-CB®) — V' > t.(0 € Exists-CB(t) v o € Disabled-cB(t))
(DisaBl) Disabled persists.

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

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

0 € Suspended-C8(") — 3¢’ < t.0 € cB()
(ScH1) Scheduled will eventually become Active.

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

0€ BB V' > t.0 ¢ Scheduled-CB(t)

The above semantics is captured by the followingR,s axioms:

(Ex1STS) Exists-C C O (Exists-C LIDisabled-C)
(DisABl1) Disabled-C C O Disabled-C

(DisaB2) Disabled-CC &~ C

(SusP  Suspended-CLC &~ C

(ScH1) Scheduled-CC O*C

(ScH2) CLC O"-Scheduled-C

As a consequence of the above formalization, scheduled iaabildd 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 at¢t\suspended status and
viceversa). In particular, as a logical consequence fraratiove axioms we have:

(ScH3) Scheduled persists until actiieheduled-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 Disabledheduled-C C P —Disbled-C.
(DisaB3) Disabled was active but it will never become active anymore:
Disabled-C C &~ (CMO*T—C).

In the following we will show the adequacy of the semanticsoagated to status
classes to describe) the notions ofifespan, birthanddeathof an objectp) the behavior
of temporal classes involved igA relations;c) the object migration between classes;
d) the relationships that involve objects existing at défertimes (both generation and
cross-time relationships).

Isa vs. statusWhen ansaA relation is specified between two temporal classes/FB@mA
A, then the following constraints hold between the statussels:

1. Obijects active irB must be active im;

2. Objects suspended B must be either suspended or activedin

3. Objects disabled i must be either disabled, suspended or activé;in
4. Objects scheduled iB cannot be disabled id.

Assuming that each time an isa between two temporal classessertedRf 1ISA A)
then this is implicitly followed by an isa between the regpecexisting status classes
(Exists-B ISA Exists-A), then the following proposition shows that points (1-4pwad
are entailed by the semantics associated to status classes.

Proposition 1. Let A, B two temporal classes such thBtiISA A, then properties (1-4)
are true.
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Lifespan Here we define the lifespan of objects belonging to a temprask together
with other related notions. In particular, we definel ETENCE., LIFESPANg, ACTIVE g,
BEGINg, BIRTH¢ and DEATH¢ as functions depending on the object membership to the
status classes associated to a temporal ¢lass

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;

EXISTENCESPANG(0) = {t € T | 0 € Exists-CB(")}

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

LIFESPANG(0) = {t € T | 0 € B U Suspended-cB(*)}

Theactivesparof an object describes the temporal instants where the bikjaa active
member of a given class (thuscAIVESPANG (o) 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,cldsite BIRTHo denotes
the first appearance as an active object of that class. Moneafty, BEGIN¢,BIRTH,
DEATH¢ : AB — T, such that;

BEGIN¢ (0) = min(EXISTENCESPANG(0))
BIRTH¢(0) = min(ACTIVESPANG(0)) = min(LIFESPANG(0))
DEATH¢ (0) = max(LIFESPANc(0))

Remark 1.We could still speak of existencespan, lifespan or actiaesp case of snap-
shot classes butXESTENCESPAN¢ (o) = LIFESPAN¢ (0) = ACTIVESPANG(0) = 7.

5.2 Transition

Dynamic transitions between classes model the notion &obibjigration from a source
to a target class. Two notions of dynamic transitions betweasses are considered in
the literature [20, 14, 13]dynamic evolutionwhen an object ceases to be an instance
of a source class, amdiynamic extensigrwhen an object is still allowed to belong to
the source. In a temporal setting objects could obviousiynge their membership class.
Specifying a transition between two classes means that:



We want to keep track of such migration;

Not necessarily all the objects in the source participatie migration;

When the source class is a temporal class, migrationvaganly objects “existing”
in the class (i.e., scheduled, active and suspended apjects

wN e

To satisfy the above requirements, a transition betweesset’;, C; is actually a tran-
sition between a sub-class of the source and the target. pesely, as illustrated in
Figure 4, the (sub-)class; ), keeps track of the objects (either scheduled, active or sus-
pended) in the source class that migrate to the target ¢lasslote that, we disallow
disabled objects to take part in a transition. Concerniegttaphical representation, we
use a dashed arrow pointing to the target class and labetackitiherpex or bDEv de-
noting dynamic extension and evolution, respectivelyaBdenote that, in casg, is a
snapshot class, then Figure 4 is changed in such a wag'thatsa C; will hold (instead

of C1a ISA Exists-Cq). More formally, in case of dynamic extensiobetween classes
C1, Cy the following semantic equation hold:

0 CPY (0 € Exists-C;B0 no g O noe cFIT)
And the equivalent set @PLR;,s axioms is:

ClM E EXiStS'Cl
Civ T -Con® Cy

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

0 CPY (0 € Exists-C;BO no g CFW noe CPUTY A
W >t+10eC") wog i)

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

Cipm C Exists-Cy
Cin E-Con® Co
Cim EOF(Cy — —Ch)

An interesting set of logical consequences of the aboveqs®gh modeling of dynamic
extension is:

1. The clas¥’, ), is a temporary class.
2. Objects in the clasS;,, cannot be disabled &3,.
3. The target clas§’; cannot be snapshot.

On the other hand, a logical consequence of dynamic eval(itivaddition to the ones
stated above) is that the source cl&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.

5.3 Generation Relationships

Generation relationships [20] represent processes thdtttethe emergence of new in-
stances starting from a set of instances. Two distinct geioerrelationships have been
introducedproductionwhen the source objects survive the generation protessfor-
mationwhen all the instances involved in the process are consuAtetie conceptual
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Fig. 5. Production and transformation generation relationships.

level we introduce two marks associated to a relationsbidor production andsT for
transformation relationships (see Figure 5). Furthermanearrow points to the target
class.

We model generation as binary relationships connectingcealass to a target one:
REL(R) = (source : (1, target : Cs). The semantics giroduction relationshipsR,
is described by the following equation:

<01702> S RB(t) — (01 e ClB(t) A 09 c Scheduled-CQB(t) A 09 c C2B(t+1))

Thus, an object active in the source produces an objecteaictithe target at the next
pointin time. TheDLR,s axiom capturing the production semantics is:

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

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,5M A0, € Cf(tﬂ))

Thus, an object active in the source is transformed in ancobive in the target at the
next point in time while ceasing to exist as member of the eaufheDLRys axiom
capturing the production semantics is:

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

Logical consequences of the above formalization are:

1. The target clasg,>, cannot be snapshot (is temporary in case of total participa
2. A generation relationshig, is temporary.
3. If Ris a transformation relationship, then, bath andC> cannot be snapshot.

5.4 Cross-Time Relationships

Cross-time relationshipeelate objects that are member of the participating clasiseif-
ferent times. The conceptual model MADS [20] allows $gnchronizatiomelationships
to specify temporal constraints (Allen temporal relatjdmstween the lifespan of linked
objects.Historical marksare used in the ERT model [19] to express a relationships be-
tween objects not existing at the same time (both past andefutistorical marks are
introduced).

This Section formalizes cross-time relationships withahe of preserving the snap-
shot reducibility of the resulting model. We explain thistlwa concrete example. Let
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Fig. 6. Cross-Time Relationships

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 theBi ogr aphy relationship at time (in par-
ticular, Tulard wrote a bio on Napoleon on 1984), then, thegpshot ofBi ogr aphy at
time ¢y (1984 in our example) must contain the péinlard, Napoleon). Now, while
Tul ar d is a member of the clagsut 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 igucitee biography example
can be solved by asserting thdpol 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 specifying just doesn’t add any constraint. Assuming tliis
a cross-time relationship between clasSgsCs, then, the semantics of marking thie
Iink is:

= (e1,e9) € RB®) — ¢; € Disabled-C;8(®) Aey € C Strictly Past P)
= (e1,e3) € RB®) — ¢; € (Cy LIDisabled-C;)B®) Ae, € C Past P=)
r={e1,e2) € RB® s ¢, € Scheduled-C;8®) Aey € C’B(t) Strictly Future F)

r={e1,e2) € RB®) ¢y € (C1 U Scheduled-Cy) B(t) A eq € CQB(t) Future £=)

The correspondin®LR,s formalization is:

RLC Uy : Disabled-C; MU, : 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;) MUs : Cy Future £=)

The diagram (a) of Figure 6 shows the modeling of Baegr aphy example. The di-
agram (b) shows how to use past marks to represenGtl@ndFat her relationship
assuming that the grandfather can be either alive or deatiéaelationship to hold. Fi-
nally, diagram (c) shows the use of the future mark to modelféict that an employee
can work on a project before the project officially startstdNthat marks can be added
to both participating classes. For example, adding the rarlon the grandchild link
allows for representing the case where grandparent ho&tswkien the grandchild is not
yet born.

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



1.
2.

Both(C, and the cross-time relationship are temporary.
The lifespan of objects i@, is strictly before (strictly after for future marks) of the
lifespan of linked objects id;.

References

1.

2.

10.

11.

12.

13.
14.

15.

16.

17.
18.
19.
20.
21.

Basel Ahmad. Modeling bi-temporal databases. Masteg'sis, UMIST Department of Com-
putation, UK, 2003.

A. Artale. Reasoning on temporal conceptual schemas dyittamic constraints. 1d1th
International Symposium on Temporal Representation aradéteng (TIMEO4)IEEE Com-
puter Society, 2004. Also in Proc. of the 2004 Internatioffatkshop on Description Logics
(DL'04).

. A. Artale and E. Franconi. Temporal ER modeling with dggimn logics. InProc. of the

International Conference on Conceptual Modeling (ER!®ringer-Verlag, November 1999.

. A. Artale, E. Franconi, and F. Mandreoli. Descriptionittsgfor modelling dynamic informa-

tion. In Jan Chomicki, Ron van der Meyden, and Gunter Saalirs, Logics for Emerging
Applications of Databases$ ecture Notes in Computer Science, Springer-Verlag, 2003

. A. Artale, E. Franconi, F. Wolter, and M. Zakharyaschetesporal description logic for rea-

soning about conceptual schemas and queries. In S. FlesGae®, N. Leone, and G. lanni,
editors,Proceedings of the 8th Joint European Conference on Logiéstificial Intelligence
(JELIA-02) volume 2424 of NAI, pages 98-110. Springer, 2002.

. Alessandro Artale, Carsten Lutz, and David Toman. A dpson logic of

change. LTCS-Report 05-06, Technical University Dresd#02. see http://lat.inf.tu-
dresden.de/research/reports.html.

. D. Calvanese, G. De Giacomo, and M. Lenzerini. On the dédity of query containment

under constraints. IRroc. of the 17th ACM SIGACT SIGMOD SIGART Sym. on Princifles
Database Systems (PODS'98ages 149158, 1998.

. D. Calvanese, M. Lenzerini, and D. Nardi. Descriptionidsdor conceptual data modeling.

In J. Chomicki and G. Saake, editotsigics for Databases and Information Systeisiwer,
1998.

. D. Calvanese, M. Lenzerini, and D. Nardi. Unifying cldmsed representation formalisnds.

of Artificial Intelligence Researgti1:199-240, 1999.

J. Chomicki and D. Toman. Temporal logic in informatigrstems. In J. Chomicki and
G. Saake, editor4,ogics for Databases and Information Systenfsapter 1. Kluwer, 1998.

O. Etzion, A. Gal, and A. Segev. Extended update funatiynfunctionality in temporal
databases. In O. Etzion, S. Jajodia, and S. Sripada, ediemgoral Databases - Research
and Practice Lecture Notes in Computer Science, pages 36-55. Sprivigytag, 1998.

H. Gregersen and J.S. Jensen. Conceptual modeling @fvanying information. Technical
Report TimeCenter TR-35, Aalborg University, Denmark, 8.99

R. Gupta and G. Hall. Modeling transition. Pmoc. of ICDE’'9], pages 540-549, 1991.

R. Gupta and G. Hall. An abstraction mechanism for madeieneration. IrProc. of
ICDE’92, pages 650-658, 1992.

I. Hodkinson, F. Wolter, and M. Zakharyaschev. Deciddtdagments of first-order temporal
logics. Annals of Pure and Applied Logit06:85-134, 2000.

C. S. Jensen, J. Clifford, S. K. Gadia, P. Hayes, and 8dida¢t al. The Consensus Glossary
of Temporal Database Concepts. In O. Etzion, S. JajodiaSar@tipada, editorsfemporal
Databases - Research and Practipages 367—-405. Springer-Verlag, 1998.

C. S. Jensen and R. T. Snodgrass. Temporal data managdéateh Transactions on Knowl-
edge and Data Engineerind11(1):36—44, 1999.

C. S. Jensen, M. Soo, and R. T. Snodgrass. Unifying teahdata models via a conceptual
model. Information System®(7):513-547, 1994.

P. McBrien, A.H. Seltveit, and B. Wangler. An Entity-Begbnship model extended to describe
historical information. IrProc. of CISMOD’92 pages 244—260, Bangalore, India, 1992.

S. Spaccapietra, C. Parent, and E. Zimanyi. Modeling fimm a conceptual perspective. In
Int. Conf. on Information and Knowledge Management (CIK\M9898.

C. Theodoulidis, P. Loucopoulos, and B. Wangler. A cptea modelling formalism for
temporal database applicatioisformation System46(3):401-416, 1991.



