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Abstract

This paper presents an extended notion of two prim-
tttve se! theoretic operations for the wse n a fuzcy
tnterval based temporal model and olso studies its prop-
erties. Such a madel has been proposed to handle the
fuznness aspect of tirne that can arise n the temporal
database envtronmentf{!. In genercl, set-theorctic op-
eraters arc regarded as temporal constructors in guery
processing of temporal databnses Therefore, nur major
erm of this study 1s te pronde the concept and tech.
nigues to process those temporul constructors unth the
erwstence of fuzzmess in temporal data  The result of
ths understanding can prowde a basic ground for fur-
ther study of a query evaluation an temporal dotabases
that need to handle the fuzniness of time

1 Introduction

Representation and processing of time are important 1o
mnany areiss of tesearch such as temporal detabases 1104,
aruficialintelhgence 1), (6] and control svstems ina dy-
namue environmen: 8. However, different fields have
Jasunct gnherent features nvoalving time |71 In this
paper. we will coneentrate on a treatinent of teigpo-
ral knowledge from the temporal database perspective.
Generally, temporal databases are databases whose
recorded data are attached by a tuime dumension (i
cither valid tome o1 transaction hme or hOLh} and the
processing of tempoarn. data s handled implicitly by
the database svstem In the bterature of this research
ficld. 1t has been gecently recognized that unperfect
knowledge may be present 1o time ohserved from the
muodeled warld 12,131 8] Ainong severa! kinds of im-
perfection, fuziziness = believed to be one of the most
Bruuttive aspects ' Urdortunately, oy few tempo-
ral database researchars have forused on this aspect.
Recently, we have introduced a fuzzy interval-based
temporal model for temporal detabases [4,. In that
work, the structure and 11s semantic emploved in the
temporal mode] and six unary temporal constructors

0-7803-4453-7/98 $10 00 © 1998 IEEE

have been proposed. Hovweever, such constructors are
pricutive and only used for extracting the components
of a time interval, e.g. the starting point of a tme
interval. Geperally, in a temporal query precessing,
binary temporul {or bitemporal) constructors are neces-
sanly required for producing a time intenal from twe
tume intervals. Such bitemporal constructors can be
built on the concepts of set-theoretic operations such
as the unton operator and the mtersection operator,
Therefore, this work will present an exteasion of the
teo ciassical set-theoretic operators to aperating on
fuzzilv-bourdad time intervals. Such extended oper-
ators will acts as bitemporal constructors for our fuzzy
interval-based temporal model.

The paper is organized as follows. 1. Section 2, the
prelirmnary notion of fuzzy time repres.1ation and 11s
semanucs interpretation will be presented as well as
some unary temporal constructors. Section 3 shows
how set-thearetie operations, partionlarty non ot
intersection, can be processed on fuzzily-bounded nime
intervals and used as bitemporal constructars Fanadly,
secuon 4 provides some dizcussion on further work and
summerizes this paper

2 The Preliminary Concept of A
Fuzzy Time Model
2.1 Temporal Specifications

In a fuzzy interal-based temporal inodel 4], knowl
edge of fuzzy time can be represented by a ternporual
specification which 1= formally defined as folows.

Definition 2.1 4 temporal spectfication s o 2 tuple
Us.oe), Cud), where s and € ame the starting and
ending tune putnds. vespecfively, thul are represented
by uramodal' fuzry naturel numbers That is to say.
[s.c; models i wnprecisely kmeunm boundermes of a
time anterval, end Cld), 15 the duration comstrmnt

YA unrmodal furry sel s o furry sel that 1 comver and
oyl
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restricting the possible time periods of the fuzzy time
interval.

A duration constarint C (d) defined by ¢; < d < ¢9,
where ¢; and ¢y are integers greater than zero, means
that a possible time period is a value between ¢; and
¢z inclusive. To achieve more useful information from
the construct of a temporal specification, its semantic
is needed to be specified in terms of a fuzzy set of
intervals.

Definition 2.2 Let T be a universal set of temporal
specifications and N be a set of naturael numbers
corresponding to the chronons® on a time azis. The
semantic interpretation, denoted by ¥, 1s a function
assigning the meaning to each temporal specification,
te. ¥: 7 — [0,1)7F, where {0,1]™" is o set of
fuzzy subsets defined on W x N. In the other words, tf
Ts = ([s,e),C(d)} 15 in T, the semantic interpretation
3{Ts) can be defined by

S(Ts) = {#S(Tg)((nhnc])/[nhnel l
[ns.7m.] € R x R, (n. &n,) = C{d), and

EaTs) (s 1)) = minu,(n,), eine))} (1)

where {n. & n;) means n, — n, + 1, and = denotes
“satisfies”.

From Definition 2.1 and 2.2, it is obvious that s and e
are interactive [11] via the interactivity constraint C(d)
which is needed to produce meaningful results and this
is helpful in reducing imprecision.

2.2 Unary Temporal Constructors

Based on the interpretaztion defined by Definition 2.2,
we can define three functions, which are used as unary
temporal constructors, as follows.

start (TS) = {J’-"start(Tg)(ns)/ns I ﬂsturt(Ts)(ns) -
sup #B(Ts)(!nsvnﬂ])}

end(Ts) = {Lena(rst(Ne)/Me | tenda(Ts)(me) =
sup pars)([s, ne]) }

d?J.T(Ts) = {“dur(Ts}(d)/dz pudur(Ts)(d) =
sup rmn{#’start('f's)(ns)-)uen.d(Ts](ne))}

d=rn.0n,

By rewriting a temporal specification in terms of its
unary operators, one can obtain the same semantic

?A chronon, as assumed in the discrete time model[10}, is
a nondecomposable segment of the continuous time line and is
isomorphi¢ to a natural number.

as shown in the Lemina 2.1 below, Therefore,
expressing a temporal specification in the latter form
has ne information loss with respect to the former
and will be more useful in its processing and in
providing nonconflicting information among the three
components.

Lemma 2.1 Given Ts = (is,e],C(d)) be a temporal
specification  and et T; = {[start(Ts),
end(Tg)],gz dur(Ts)) be another temporal specifica-
tion obtained by applying unary operators to Ts. Then,
both of them unll heve the same semantics, that is,

I(Ts) = G(Ts) (2)

3 Binary Temporal Constructors

In terms of temporal databases, the union and inter-
section operators are called binary temporal construc-
tors which take two (fuzzy) time intervals® specified by
temporal specifications and produce a new {fuzzy) one.
But, first, let us define the definitions of set-theoretic
operations for the case of precise time intervals. In such
a case, given that the two intervals [a, b] and |¢,d] be
pverlapping (or meeting () for the case of the union
operation} [1], the operations are defined as

[a.8) Ule,d] =
(2,8 M e, d]

[min(a, c), max{b,d)] and

[max({a, c), min{b, d)]

It should be noted that the union operation on two
meeting or overlapping precise time intervals will result
in a precise ti,ae interval and so is the intersection
operation on twa overlapping intervals. Similarly, the
notion of definabuity can be designed as the condition
to allow the results of the two binary temporal
constructors operating on two fuzzy time intervals to
be a fuzzy time interval.

Definition 3.1 Let¢; and t} be two fuzzy time inter-
vals defined by the temporal specifications Ty and Ty,
respectively, and let T be the universal set of prectse and
valid tame intervals. Then, T18T}, where & € {U,N},
15 said to be defined if and only tf vivi' ¢ T,
(e () > O A (parn(i') > 0) =10 €T

Assume that the union and intersection operations
are defined according to Definition 3.1, their semantics
can be defined as follows.

2A fuzzy time point can be regarded as a special case of a
fuzzy time interval with the duration constraint d = 1.
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Definition 3.2 Lct Ty and T be the temporad specifi-
cattons of two (fuzzy) time mmt¢ruals, and (et T be the
se! of precise and vald trne mitervals wath ' " ¢ 7
Then, the operatwon T,0T;, where ¢ & {_. .M}, ean be
defined by

parer,, (1) = sup mantpuy o, G a7, 3

N

Based on Definition 3.2, we can derive the nter

ureted temporal components of 7,07 where &

{17}, as follows
. (n ) = ([7 n. 1
Hatart(TyeT,0 T N SUPp Uy or, e, 17t Tle s L)
n(
#cnd«‘T,c?TJ'\(”zj = SUP“‘J!T:FT,‘)(EHJ-“: ! (5

sup ot e T ne )6}

d=n,n,

JJJ\,rtT,GT‘,' ;)(d)

Simce the structuwre of a temporal speafication is
an important notion in representing fuzzy temporal
knowledge in the model 1t i~ essential to express
the result received from a biparv temporal construc-
tor n terms of a temporal specification, that 5, the
temporal speciication of T;87) can be expressad by
Cstart(T AT end(116T7)) . d = dur{T,0T7)). How-
cver s to do so, the nouon of lossless of information with
Tespect to the semantic interpretation J{(7,67T7) may
have =o be sarnificed  Fundamentdly, information 1o o
temporal specihcauan cetert (T 6870 end (T 8T d=
Aurt IJETTU s siaed to be lossiess f and ondyv af

SUTHRTT = 3 start T AT endi 1077,

d = dur(TRT) )
and lnssyaf asud ondy af

WTeT T X start (1Al en (T 6T
d = dur{T,6T 0
Thereture, in generad, »e will have

RV 3 start (T80T end T 6TV,

d = dur 0Ty 0 (T

In crder toe receive lossiess nformaton from the
iy temporal constructons, one needs to enforce the
definabilhiny of the operations as follows.

Lemma 3.1 Given tuo temperal speaifications T o
oo 2n T8, s defined acconding to Defimtion 51,
theeanformation erpresced o the tempoend spect1flontinn
Hera-te T80T end T = dum T ATY ) e loss

(rsn

Now we will consider a Jormalism to dernve the in-
terpreted temporad components of the results of the
umen and iotersection. [1s formulation is straightfor-
wuid and provides the same sempantic as Equations 4
and 5 for the start and end functions, respect:vely The
duration coustraicts can be derived from the duretion
constraints of the operands in a very simple way. Then,
the interpreted duration constraint in Equation § can
be evaluated from those three as llustratesd in Fqgua
tion 2 of Defiution 3.2,

Procedure 3.1 Let T = ([s. ¢, Cid}} be the tempo-
ral specificctron resulting from the Jdefined operution
T,0Tc, where 8 € (UM} Assume that C,{d) end
Ci(d) be the duration construints i\ T, and T} and
crpressed by d, €d < d,, and d., € d € di o respec
tively  Then, for the umion opcration, 1 ¢ s 1, the
components start(T) and end(T) can be charucterized
by

U.ﬂart(T}(n) =
teax { SUp MUR( U, ears(T, ) (7 figrare7) 1))
n<dn
sup H‘.lll(p'.”a,-“r‘ ){7’2)‘ f‘n.:-'t.'!', r(nf)\ .L 5
n-n’

Fewgrrin, =
max{ sup min{gengr,, M) e 00
nen
= 5 ’
SUP Muilfera (M) Hendir (7 1) L
none
respecttoey, arad the durmtion coswstromat Cody can M
exrpressed by
maxed,, dy v d s d, ~dy tio.

For the mmtrrsection operctinn, oe oo e
components start{T ) and « 0d(T carn bo charactemzed
by

T AL

i .
max{ sup MU e s T, ) Hgan T T )

i
n >t

sUp Il—’j‘(usra'f"]". :(” ) P‘"'):.:r:'T_‘ ( “’JJJ) (1 lﬁ

n._"n‘
Lend(TiiM) =

4 N
maa{ sup It g T 0 g 1)

nont

SUP RN Lgma 7. sgms )] (2

- I
nens

respectively, and the dusalfion constrernt 00 con be
cipressed by

Ve d < manld, ) 132

-
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In fact, as illustrated in Procedure 3.1, the dervation
of the membership functivns in Equations 4 and 5
1s very simple, especially 1n terms of parameterized
membership functions such as trapezordal functions,
when T80T 15 defined.

Example 3.1 Let us have two ternporal spectfications,

T, = {f(1:5.10.15.20;, fiz:40 45 30.35)
36 < d < 51; and
T, = {lf(r:10,15,20.25). fir;60.65.70.75),

ol < d < 66)

Since Ty 2 T3 and Ty, ' T> are defined, then we can
obtain

TvuT: = (f(r.5 10,15 20},
f(r.60.65,70.75)),51 £4<117)
and
T = 1:)'(_1'10 15.20.25).

fir:40,45.50.55);,1 < d < 51

g

Rasicallv, there s a strong restriction on the tempo-
ral relationstop between two fuzzy time intervals that
allows the intersection and union operauions 1o be de-
fined Tt can be descnibed as follows

Prapaosition 3.1 Let T; and T} be the temporal spec-

‘

firations of twe fuzry time ntervals  Also let

n sup Supp{start (T,

o =

ny = anf Supptend{Ty)).
., = sup Suppistart{T))) and
n, = anf SupplendiT))),

wherr Supp ) ws the suppert of a furey set Then, given
that the (g npl and 1l n,l are valid intervals,

i the eperation T, Ty s defined 1f and only of (n,, n,!
and [n, niyl are overlapping®

2 the operation T U T 15 defined +f and only of

(u) {ngomyi and ol ony are overlepping. or

il m, n, and n",‘n'b' arc mecting

Proposttion 3.2 Folloving Proposition 3 1, quen that

the o, 1 woan mmuvaid iferial jte, ny < n, ' and
-l

a1y 15 o talid inferrals,

*In terma ut temporal relatians, this means Poss(7, - T;; =

Oand PoantT, - T = 0 (e |47 for mote detaals)

I the operatwn T; ™ T s defined 3f and only af
[ny. na] C [ni. ny® (the symbol © means during or
equality relationship)

2. the operation T; U Ty 1 defined 1f and only of

(@) mana C [nnongloor

ibs Ing . 1uy] and (nl. nyl arr meeting

Proposition 3.3 Foliouang Proposition 2 1, quven that
both n,. ny| and {n,, n,] are not velid imtervals, the op-
erations 7, m T} and Ty w T[ are never defined

Proposition 3.3 also unplies that f any temporal
speciication T has the interpreted starting and ending,
compoenents possibly overlapping to some extent. the
union and intersection operations on itself are not
defined. That is, TsMTs and T UTs are not defined 1n
such a case. Propositions 3.1 - 3.3 show a very simple
way of verifying whether the intersection and union
operations are defined, especially when parameterized
functions such as trapezordal functions are emploved.
We can also conclude from the propositions that if

mazr{Poss(T; = T7). Poss(T; <T4)Y = U

then T;87 is always defined. where # € {1 '}, The
above condition seems to be intuitive, and this issue
should be generalized when the undefined intersection
and umion operations arc to be processed. The
treatment of such undefined operations will be loft {or
further investigation

To justify the semantics of the propased set-theorstie
operations, 1t 1s necessary to show that they szatisfy
some intwitive mathemat:cal properties,

Proposition 3.4 Lrt T be ¢ unversal sct of temporal
specifications and L7 be the temporal specification sper.
ifytng the mierval egquivalen? to the time aris. Both
union and intersection of (fuzzy, ttme intervals satusfy
the follounng laws.

! Idennty

ToU=U
TU=T

wT =T,

Note that T U3 end T "¢ are not defined 1n our

epproach  An ebirous reason 15 tha! © 15 not a

rormalized interval

*In terms of temparal relatons tho means
Possiend(T}) =< sta<t(T;)} = 0 and Foss(endiT;; -

start’1y0) = 0 (see 4 for more detauls?
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2 Associafive

v T Tl T
(T T:o. Ty = T
T Ty -, T Ty

S Comrrulative

VKI.:,T:‘ w7

7\) . 7.

-‘i
~
-

{. Dusrmbutte

7.; RV R Tg' - 'le \T.-l“:T; ’\‘f"J!
s

1w (7‘-‘- R l‘TV_ i 7'}\ -'Tl i 1“31

Tt should be notesd that the property of rdemperent
which 15 satisfied 0 the case of procise sdid tene
interval, i

oot peeensariy satshed oo the e o fuzzy toe

intervals . Howeser oomare peneralioed Dropeenty cun

i
e derrend That ax, 7 = J w00

Lyr po 1t 0 py T i, ang

FRTES E

Thus smples that .70 o 0T Ty oand 5077
T 7T Bur when the construnt onoans poesit e
durations 15 not enfureed e, 002 A -
2l replace the suliset prdicate

u), the equality

4 Conclusion

Thos work has discuczed an extended concept of tax
pricmuve set-thaoretic ORPCrRLIONS, vroon and anter s,
uon. to be used as binary temporal constructors 1o our
fuzzy Interval-hased tempora) model  Such a modal
can be emploved es a bass for temnporal databaws with
fuzzy korwledge of tune It has Leen showam that o
gonthrus of the operntions are quite sunple wher wni-
modal and parameterized membership functons Lave
been used with the enforcment of the notion of de
fnabiity  bn addition, it has Leen proved that the
two tempeoral constructors satisfv mtuitive mathemat-
wal properties, e wlentity, associative, cormnimutative
and distnibutive. Though the concept of definability
of the operations seems to Le suthicient to allow sim-
ple coraputation 1n a temporal data model with tuple

tiruestanping, 1t oeeds to further insvestigate the case
when the operations are not defined  This mmay be uses
ful for an attnbute thoestunpung data model[10]
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Handling Fuzziness in Temporal Databases
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ABSTRACT

This paper proposes a new data model, called FuzzTime,
which is capable of handling both aspects of fuzziness
and time of data. These two features can always be
encountered simultanecusly in many applications. This
work is aimed to be a conceptual framework for advanced
applications of database systems. Our approach has
extended the concept of the relational data model to have
such a capability. The notior ~f linguistic variables, fuzzy
set theary and possibility theory have been employed
in handlhng the fuzziness aspect, and the discrete time
model has been assumed. Some immportant time-related
operators to be used in a temporal query evaluation with
an existence of fuzziness are also discussed.

1 INTRODUCTION

Primariy, database modelhng is an important concept
vnderlying all information systems. To develop an
intelligent information system, we need to increase
the capability of database systems.  Traditiopal
database management systems can’t handle imperfect
data available together with their implicit temporal
information, and this temporal information itself
can also he imperfect. In fact, there are many
tvpes of imperfection that can appear in data to
be represented [7). However, in this work, we will
emphasize the fuzziness aspect, a primitive kind of
imperfection. Even though the two features {time
and fuzziness) are hmportant in this respect, work
on incorporating both of them in a database system
has been received little attention. Most of previous
proposals concern either of them [10, 9]. Some
exception is research accomplished by Dutta [2] who
proposed a temporal data mode! capable of handling
fuzzy events. In addition, Dyreson {3] has proposed a
tenporal data model which can treat the probabilistic
kind of uncertainty in temporal knowledge,

In this work, we will propose a temporal data
model. called Fuzz7ime, which can represent fuzzy
states/eveuts together with their corresponding fuzzy
time intervals/points and also can evaluate simple
temnporal queries of those information. The concept

0-7803-4778-1/98 $10.00 © 1998 IEEE

of the relational data model [8] will be extended to
incorporate such a capability. The fuzzily-bounded
tirne interval mode] previcusly proposed by the au-
thor 6] is to be employed in order to aliow FuzzTime
to handle fuzzy time. The notion of linguistic vari-
ables [11] can be viewed as corresponding to the con-
cept of attributes in the relational data model, and,
therefore, attribute values in this sense can be fuzzy.
In addition, the possibility theory [12] will be used to
provide an interpretation of a fuzzy value. Some ma-
jor time related operators for query evaluations with
fuzziness existence in both temporal and nontemporal
data will be presented.

The paper is organized as follows.  Section 2
will explain the preliminary concepts. the definition
of a temporal specification and the notion of temporal
constructors, to be employed as a basis of rnodeling
fuzzy tune in c¢ur FuzzTime. Then, the structure
of the tmodel and it3 semantic interpretation will be
described in Section 3. In Section 4. we will show how
various operators concerning the fuzzy time concept
can be evajuated. Finally, we will summarize our
work in Secuion 6.

2 THE PRELIMINARY CONCEPTS
2.1 Temporal Specification

Imprecise knowledge of time can be modeled by
a construct called a temporal specification which is
composed of two clements - an approximation of the
duration of time and a time interval with two fuzzy
bounds. Such a structure can represent both a fuzzy
time point and a fuzzy time interval. Formally, 1t can
be defined as follows.

Definition 2.1 ! A4 (emporal spectfication 15 a 2-
tuple ([s.e] ,C (d)}, where s and e are the starting

L'This definition is defined based on a discrete trme model
where the time line is divided into the shortest intervals uf
a fixed duration. The shortest duration of time is called a
clirvnon. It is nondecompusable unit of tme and isomorphic
Lo thie natural numbers [4].
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3 FuzzTime: A FUZZY TEMPORAL

DATA MODEL
31 The Structure of FusaTime
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tuple
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din associates each atinbute pame with a data
domam e domi Ay = D)y whiere AT 4 LAS
15 an attnibute nwne and [0y o oD ogs the

damam of attnibute A As o can s, FurrTong
has enforced o fitnue set of speaal attnbutes 43 0
the scheme. and these are the unplicit attnibutes®
{which 15 10 contrast to the explicit attnibutes
A It contams all attnbutes that are relesant 1o the
ternporality features - the nuniber of retncarnation ()
bre explivned later), the starting tune, the ending tune
and the lower and the upper bounds of the duration
constramt  That s,

Ap = {0 A AL AL ALY 12
where A, is the reincarnation attribute, A, is te
starting tone attribute, A, 15 the ending thne at-
tribute, Ay 1s the lower bound atenibute and A, s

IAan implict sttnhate s an attnibule that will be handled
by the systern and needs not be declared explicitly by users
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the upper bound attninate The last four attribautes
represent the elements o the construct of o tempo-
tal specification delined in Defition 2.1 The cor-
responding domain set of Ay is Dyl Sinece every at-
tnibhute o A takes a natural number as ats viduoe,
D cane be a singleton set whose eleinent s the set of
natural nurmbers.
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3.2 The Concept of A Key

Andentheation of an object s also umportant i any
Jdatn model, and Fuz: Tone s no exception A ame-
trivamant key (TR pomurnly caa be consadered as a
kev of a snapshot relation of a temporal relation®
In the other

words, it can be emplined as an
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an attnibute, the termy altrmbute narme and atfrmbute are 1o be
s ] interchangrahly

"In this work, for the sake of simplicity, the avnatactu rube
6 Dot o uur mteresy
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point



identification of an ohject {a tuple) in the snapshot
relation. Therefore, it is necessary to assumne that all
time-invariant key attributes of a relation scheme in
FuzzTime have precise values, that is, their term sets
are the empty set (T = ¢). In order to support the
concept of an object’s reincarnation, an additional
implicit attribute, dencted by A, is needed in the
relation scheme in order to identify the number of
reincarnation (such as the first time, the second time
and so on). Thus, every temporal relation will have
the set of attributes TTH U{A,} as a key to uniquely
. identify a tuple. However, therc is an important
| constraint arising in this respect. It will enforce
that an object cannot be reincarnated while it is still
valid. Formally, let ¢, and {2 be any two tuples in
a temporal relation, and Tg, and Tg, denote two
temporal specifications ({t;[A4,],t1[4.]]. 4 [A] £ 4 <
t1Au]) and {£2(4,], 2] AL, 2[4l < d < ta]A),
respectively. The constraint can be stated as follows.

If [TIK| = 13[TIK|and t;|A,] # t2|AL], then
Ts, NTs, ts not defined according to Definition2.3

3.3

A simple example given iu this section illustrates a
fuzzy temporal database. It contains data about
the temperatures of patients. These data represent
events i the real world that occur since January
1, 1998. Hence, it can be assumed that chroonon
0 is corresponding to the date January [,1998, and
the pranularity of concern i1s day. Now, let Patient
be a relation scheme of the database with 4 =
{Name, Temp}. The domains of the two attributes
are specified as

An Example

dom({Name)
dom(Temp) =

{z ] ris a patient's name}
{35.0,35.5,36.0,...,45.0} U

{too high, high, medium, low,

i

too low}

Since the attribute name Name is supposedly the T1K
attribute, its term set is the empty set. Based on the
retation scheme, a relation instance could be shown
as the following table.

[ A [ Name | Termp || A, | A [ A ] Au |
1 John 35.0 0 ~6 5 8
1 Jim high 45 ~50 ([ 5 7
1 Max | medium 47 51 5 5
1 Nick high ~30 [ ~307 1 1
[ 2 || John | 39.0 | ~25 | ~30] 6 | &

Note that the vertical double line is used here to
separate the explicit attributes (i.e., Name and Temp)
from the implicit ones. Also, the notation ~ denotes
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the term around. For instance, ~ 6 refers to the term
around Jan 7, 1998. Based on the data in the table,
it can be illustrated from the first tuple that John's
temperature is 35°C during the time between Jan 1,
1998 and around Jan 7, 1998, and the number of days
that he had this temperature is between 5 and 8 days
inclusive. However, his temperature measured several
days later is also recorded (reincarmnation) and shown
in the last tuple. Jim's temperature 1s high for either
5, 6 or 7 days during the time between Feb 15, 1998
and around Feb 20, 1998. It should be noted that the
fourth tuple represents an event which occurred at a
time point, that is, Nick has a high temperature on a
day around Feb 20, 1998. Then, one may characterize
the semantics of some fuzzy terms as follow.

M{high) = T(z:37,39,40,42)
M (medium) = T(x:35,636,37,38)
M (around Jan 7, 98) = T(r:4,6,6,8)

M(around Feb 15, 98) = T(x:43,45,45,47)
M{around Feb 20, 98} = T(z: 48,50,50,52)

where T(z : a,b,¢,d) is a trapezoidal function defined
as [3]

1 whenb < r<c
0 when r < 2and r > d
=< whena<zx <
whene<r<d

T(z:a,bcd) = a

3.4 An Interpretation of The Model

Based on the possibility theory [12), we can interpret
a fuzzy value nf an attribute as a possibility distribu-
tion. Generally, for each tuple ¢ in a rclation instance
r, there will be a corresponding semuntic, denoted by
M(t), in the form of possible tuples each of which has
an associted degree of possibility. The attribute val-
ues in each possible tuple are precise. More formally,

M(t) = {p(ti )/t plt2)/ta, o () /ten)

where u(t,) = inf; Poss(t|A;] = t.[4,]), t|A,] and
t,|A,] denote the respective values of the attribute A,
of the tuple t and t,, and 1 < j < n. The possibility
degree Poss(t|A,] = t,{A;]) is derived from the grade
of membership that t;{A;] is a member of M{t{A;]).
For example, from the second tuple, it is possible with
the degree 0.5 that .Jim's temperature is 38°C during
15-20 Feb 1998, where the degree 0.5 is derive from
min(pasrign) (38), Has(~s0)(50}). ‘

4 TIME RELATED OPERATORS FOR
QUERY EVALUATION

In this section, we will consider two major opera-
tors that are related to temporal data and extensively



used in traditional temporal data models.

Time Extraction Operators { and '}
AY

In the FuzzTime model, there are two operators
to extract temporal knowledge of an event. They
are useful for enquiring when an cvent has possibly
occured (') and what knowledge of the event’s
occurrence Ume is represented (). Primarily, the
two operators take a fuzzy ftemporal relation and
a selection condition as the input. A selection
condition is used to select tuples from the relation
for being extracted their time stamping. The output
of the operators will be represented as a temporal
relation with a special attribute’(denoted by A,)
whose value indicates the degree of membership of
cach tuple in the relation, In the other werds, it can
be shown as a set of an ordered pair consisting of
temporal specifications and corresponding degrees of
membership. That is, given 7 be n relation instance
and cond be a condition, the operators can be defined
as follows.

wleond i r) =
{< HlAs] tf ALl AL < o <AL >, uil
t €7 p = min{peonall) AL}

¢ (cond:r) =
{(< |start(Tg), end{Ts})|. dy < d < dy >, )t & r.
Ts =< [t]A,] t| A} ¢ 4] < ad < AL >,
dur(Ts) = d; < d < dy,
= min{geonalt), t[AL])}

where pnq4(2) is the degree that the tuple t satisfies
the condition. For examnple, a user may need to
retrieve a piece of represented temporal knowledge
of an event that Jim's temperature is 38°C. This can
be written as

w(Name =" Jim"” A Temp = 33 : Patient)

which will result in {(< [45,~ 30],5 < d <7 »,0.5)}.
The degree 0.5 can be evaluated by

I-‘(chmc:"J:m"/\Temp:f}S)(‘!) -

mi“(#.wmwamc]) (Jam), AL (] Temp)) {38))

It is obvious that only the second tuple in the table
satisfies the condition with the degree greater than 0.

Four other unary operators need to be defined
in order to allow one to extract individual temporal
element of a temporal relation. They are extended

"This special attribute in a besed relation has a default value
of 1.0 for each tuple, and, therefore, this attribute is not shown
in the structure of a based relation
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from the unary operators defined previously for a
temporal specification in Section 2.

S(ry={< start{(Tg},pn > |l €,
Ts =< [t A, t ALt A < d < Ay >,
= t[ALl}
E(ry={< end{Tg),u >t €r,
Ts =< [t|As] t|Ac|] t|A] € d < AL =,
= t‘Apl}
Lify={<di,pu>ijter,
Ts =< [t|As) t|AJ} t]A] < d < tAL] >,
dur(Tg) =di <d <d,,u=t[A,]}
Ury={<dup>lter,
5 =< (AL AL A € d < A >,
dur(Te) =y < d < dy, p = t[A,]}
For instance, one may want to find the starting

time when Jim's temperature is 38°C. This can be
expressed as

S{p(Name ="Jim"” ATemp = 38 Patient)) =

)
{< 45,05 >}

However, the operators ¢ and ¢’ need to be extended
to allow a logical expression of arder pairs of a
condition and its corresponding relation as the input.
This extension i1s useful in two situations. Firstly,
one may need to extract a common occurrence time
of various kinds of events. The other is when the user
want to request for an occurrence time that either
of various events has taken place. 1t can be said
that a kin‘ of events is represented in a relation of a
database. Therefore, m general, the timme extraction
operators can be defined as follows:

p{Vis (cond, 1)) = Ul p(cond, : 1},

wlnl (cond, i ry)) = O e(cond; @ ),
' (Vis(cond, 7)) = UL @' (cond, t 1),
@ (AL (cond, i 7)) = L ¢ (cond, )

Any two temporal specifications in the process of tlus
operation that are union/intersection definiable are
rneeded to be coalesced. As a consequence, the value
of the attribute A, in a tuple ¢ resulted from such a
coalescence can be evaluated as follows.

t[A#] = m:’ix(t.[A,_.IL
where 3t; € r, #[Ts] = Ut [Tq]
ALl = min(t[A)).

where dt, € r, t{Ts] = N, [Ty

where ¢,[T%s]
tuple ¢,.

refers to the temporal specification of a



Temporal Relationship Based Operator (&)

This operator is designed to retrieve data from
a relation by using a temporal relationship as a
condition. That is, a tuple will be sclected for further
processing if and only if it relates to the temporal
specification specified in the condition with the
degrees preater than the threshold values. Due to the
space limitations, we will show only two relationships,
and the others can be specified similarly. Geunerally,
these two operators arc generally referred to as time
shee vperators. They can be defined as follows.

Given r be a rclation instance of a relation
scheme consisting of n explicit attributes (ie., A
={A;,.., AL}, Ts =< [ns,n ]l £d < u >bea
temporal specification, C be the during or eguafity
relationship (see [6] for more details of temporal
relationships), the time slice can be defined as follows:

ders(ry ={<t,pu>|

ter, u= Poss(Tt)y T I(T,))}

and
Sars(r) ={<t' u>|

tert|A,] =t{Al1<i<n,

t'A,] = n,, ')A, ] = n,,

f'lA(] = Z‘tr[flu: = u,

b= Poss(S((1) & 9(T3)))
where

Poss(3(e(1)) T S(TL)) =

sup  min{iqen{t). Harsy (7))
vETIG
Proposition 2 The fuzzy temporul relation resulted
from the tume shice operators satisfy the key constramnt
defined previously (in Section 3.2).

5 CONCLUSIONS

This work has proposed techniques to expand the re-
tational data model to handle both fuzzy and tempo-
ral data. The structure of the data model has been
designed to support a fuzzily-bounded time interval
model as well as the concept of reincarnation of an
object. The notion of an identification, known as a
key construint, has been enforced in the model. Im-
portant time-related operators have been discussed.
They allow the capability of accessing the implicit
emporal attributes in a database. There are some
s jorassues needed to be further investigated for this
fuzzy temporal data model such as temporal aggre-
gate functions, an extended relational algebra, the
case of undefined union and intersection and a design
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of a suitable query language.
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Abstract

Bitemporal constructors are unportant operators to
be processed in queries against a temporal database.
In our recent work [7], their processing has heen
proposed in the context of a fuzzy interval-based
temporal model |6]. However, such a method can
be carried out only under a restriction known as the
definability of the operations. This constraint himits
their expressive power as well as the scope of therr
applicability. Therefore, 1n this paper, we will present
a peneralization of the bitemporal constructors by
relaxing such a restnetion. This can be achieved
by mtroducing the concept of a null mterval for the
case of the intersection operation and the notwn of a
comunctive spectfication for the union operation.

1 Introduction

Primarily, a temporal database model descnibes a
database as a collection of data with their time-
stamps, and those time-stamps are impliaitly handled
by the system [8]. During the last two decades, therc
have been many proposals of temporal data models
and their query languages |3], but issues in the passi-
bility of an occurrence of fuzziness and/or probabilistic
uncertainty in temporal data have been received little
attention |2, 3, 9]. Recently, a fuzzily-bounded time
interval model has been proposed as a basis for ex-
tending a temporal data model to handle fuzzy knowl-
edge of time [6|. Moreover, we introduced the pro-
cessing of bitemporal constructors with a restriction
on their operands for the model (7). In this paper,
we will propose a generalized notion of the processing
by relaxing such a restriction. This relaxation allows
the more expressive power and more realistic in its
applications. Generally, the notion of bitemporal con-
StruClors is imnportant in a temporal query evaluation
and a temporal relation construction. The concept of
a temporal constructor is that it takes two temporal
elements (i.e. time intervals) as the operands and pro-
vides a new temporal element (i.e. a time interval) as

the result. Bitemporal constructors are corresponding
to set-theoretic operators such as unjon and intersec-
tion and, therefore, we will use such terminology from
the set theory. This work assumes the discrete time
miodel which has been used extensively by most tem-
poral database researchers. In this model, a nonde
composable portiun (called a chronon) of the continu-
ous tune line is isomorphic to a natural number and,
hence, time is linearly ordered |10]. From this point
of view, a fuzzy time point can be defined as a fuzzy
subset of the set of natural number and 1t 1s assumed
that tlus fuzzy set s convex and normal.

The paper s orgamzed as follows, Section 2 will
present a background concept that is to be used as
a4 basis for its following sections.  Iln section 3, we
will describe the concepts of generalized bitemporal
Finally, section 4
will sununarize our work and provides some discussion.

constructors and thewr properties.

2 A Fuzzily-Bounded Time Interval
and Its Semantic: A Preliminary
Concept

In our fuzzy interval-based temporal modell6l, a
construct called a temporal specification has been
introduced as a primitive concept to handle fuzzy
knowledge of a time interval!. It is composed of two
major components - the fuzzily-bounded interval and
its uncertain length. Formally, it can be defined as
follows.

Definition 2.1 A temporal specification s a 2-tuple
([s.e].C (d}), where s and e are the starting and end-
tng Lime potnts, respectively, that are represented by
fuzzy natural numbers. In other words, the component
|s.e] of the 2-tuple models the approzimately known

boundaries of a ime interval. The other component,

!Based on the discrete time model assumption, a time point
15 a special case of a time interval.
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C(d), s the duratton constramnt modeling the possible
time periods of the mterval

From Definition 2.1, the duration constraint C(d)
represents the uncertam length of a fuzzy time inter-
val. This representation 1s assuinably in the form of
the lower bound and the upper bound of a range of in-
tegers. For example, a duration constraint ¢; < d < ¢
{denoted above as C(d)), where o and ¢ are integers
greater than zero, means that the possible durations
{or lengths) are the values between o and oy inclusive
However, the components of a temporal specification
need to be interact in a meaningful way in order to pro-
duce a correct semantic of the temporal specification
This semantic is defined as a (fuzzy) set of possible
intervals which arises from such an mnteraction. We
formally call the interaction as the semantic inlerpre-
tation and define it as follows.

Definition 2.2 Let T be a waiversal set of temporal
specifications and R be a set of natural numbers
corresponding to the chronons en a time ans. The
semantic inferpretation, denoted by 3. s a function
assigrung the meaning to each temporal speetfication,
e 3T — [[J.I]H'N, uhere EU,]}H"H
Suzzy subscts defined on N xR
Ts = {ls.e|, C() 1w n T, the semantw tnferpretation
3(Ts) ran be defined by

wsoa set of
In the other words, 1f

3(Tsy = Apyraollnan i/ nl

ln,,n) € xR (n.03n,) = Cld), and
o (e mcy = mim{pg (ny) e (e )}

where {n, vam,) means n, - n, t ¢, and k= denotes

“satisfies .

Based on the semantic interpretation, it 1s necessary
to define three functions. Each of them takes a
temporal specification as the argument and produces
the constricted fuzzy set which describes the vague
meaning of the starting timme, the ending time or the
duratinn.

Let Ts = ({s,¢|,C (d)} be a temporal specification
with the interpretation G (7Tg). Then, the lunctions
start, end and dur of Ty can be respectively defined
by

start (TS) = {lus!arl('rs)(n-!)/ns “
Hatare(Ty) (L) = Sup peqre){|ng, 1))}
n,cCiH
end{Ts} = {#md('rs)("r)/"c |

ﬂcnd(T_;)(nr) = sup PC}{TS)(lns'ne})}
n,etR

2That is, {n, ©n,) is the number of the chronouns between
n, and n, inclusive

dur(Ts) {Iidur('r_;)(d)/d | #dur(Ts)(d) =

sup min(n“s(qrt(Ts)(naL
d=mnebir,,
Ay n.EH

Hend(Ts) (ne))}

By rewriting a temporal specification in terms of its
unary operators, one can obtain the same semnantic as
shown below.

Lemma 2.1 Gwen Ts = (|s,e|,C(d)) be a temnpo-
ral specification, and let T = ({start(Ts), end(Ts)|,
d — dur(Ts)y be another temporal specification ob-
tamned by applynng unary operators te Tsg. Then,
both of themn uall have the same sernantics, that s,

$(Ts) = I(Tg).

3 Generalized Bitemporal
Constructors

3.1 The Union Operation and The
Concept of Conjunctive Specifications

Its terms of temporal databases, the union operator is
called & binary temporal (or bitemporal) constructor
which ouperates on two time ntervals  nd produces
However, the intervals that
are unminnable o that sense must be either meeting
or nuerlappmg [1]. This requirement is not swtable
fur ureattrbute time-stampng temporal data model [4).

another time interval

There s a ssnular affect when using the union operator
on the fuzz tune antervls defined by two ternporal
specifications i such a case, the processing is qnite
simple f we enforee that all possible intervals are either
meeting or overlapping |7). The union operation under
that constramnt is said to be defined. As we mentioned
previously, this restriction should be relaxed, and this
will lead to the concept of a conjunctive specification?®
which can be defined as follows.

Definition 3.1 Let T, and Ty be two temporal spec-
tfications  Then, T, U Tk 5 said to be a conjunctive
specification if and only 1f it s not defined, that s,
provided T 15 the universal set of precise and valid 1n-
tervals tn the traditional sense,

Ji, A el
(!lQ(T')(i) > 0 A }lg(T‘)(i') > 0) — t U f, e I

In general, a conjunctive specification can be T, U
U Ts, or UL Ts,, where 7 # k1 < jk <
g, and Ts U Ts, is not defined. Using precise

intervals as a simple example, suppose 1y and i be

¥Thas is similar to the notion of a temporal element propused
in a traditiwnal temporal data mode! [4]



two nonconsccutive and nonoverlapping intervals, and
1y UWip be the occurrence time of an event e.
Then, 1 1s said to he a conpunctive interval, and
the event ¢ occurs during both 1y and 12, That is
to say, a conjunctive specification i1s to maodel the
concept of an reincarnation of an object or an event.
For example, a fact A patient named John has been
sick during around mad - Jan-97 and aeround-end-Jan-
97 and during around-5- Frb 87 und around f0-Feb 97
can be wrnitten as

T =

Patient{Johin,sick,
([around-mi(i‘JanAQT‘around-end-.]an-g?'l LC{d))
L {|around-5-FebL-97 around-10-Feb-97] , C'{d)) )

It 15 nnportant to specify the result when a unary
temporal constructor is applied to a conjunctive
specificatiors.  Since there is one time
interval that an event takes place or is vahid (e.g.
remncarnation of an object) 1t will be natural to obtamn
nondecreasing, values as the vutput of the constructors.
Assume UJ_, T, be a conjunctive specification where
Poss(T, < Ty) for every 5 k such that 1 < 3 < k < gq.
Then, we can define that

more than

start(U? [ T) = (start(TV), ., start(Ty))
end(U?_\T,) = {end(T}), cemed(T,))
dur(l_!?,rl'f‘) — (dur(T)}, cdur(T,))

From the example of John's sickness above, by using

unary operaturs, it can be recerved the times when

John has started to be sick and has been recovered as

Starf(. . ) =
(.\"I(}.r((([around-m:d-Jan-QT,ar(mnd—end-Jan-B?] ,
C(d))), start({|atound-5-Fel-97 around-10-Fel-97]

C'(d)))).

and

end{(.. ) =
{end({[around-mid-Jan-97 around-end-Jan-97|
C(d)}), end({|around-5-Feb-97 around- 10-Feb-97] ,

C'(d)))
respectively.

The Intersection Operation and The
Null Interval

When the intersection operation is not defined as
mentioned previously, it Is necessary to introduce a
special interval called the null mmterval in order to
handle such a situation. The null interval, denoted

3.2
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by [}, is interpreted as the empty set defined on
the underlying time line. Thus, its duration or the
cardinality of its interpretation i1s regarded as zero.
Since a precise time interval ¢ is the set of time points
between the lower and the upper boundaries inclusive.
One has

vie Tu{l)}, iUl =iand N[ =]

Generally, the semantic of the temporal specification,
which is the result of an undefined intersection opera-
tion, consists of two kinds of intervals - the null interval
and the valid intervals. For the latter, we can charac-
terize the starting point and the ending point of an

interval as follows.

Let T = {[s,¢].C{d)) be the temporal specification
resulting from the intersection between two temporal
specifications T, and Tx. Assume C,(d) and Ci(d)
be the duration constraints in 7, and Ty and are
expressed by o, < d < d,, and di, < d < di,
respectively. Then, the components s and ¢ can be
characterized by

pa(ng) = max|{

sup nlin(uslart(T, )(na)n Hstart(Ty) (ﬂ:) I

n, <,
In, € N oparr{(ne, i) > 0An, >n,)

sUp ]nin(“s!art(T.](n&)-pslart{T’)(n:) 1

u.(:n.

in: e N,;tj(’p’,(ln",n”) >0A n; > n,)}
and
Heln. ]+ maxd

sup (it ena(7,) ("o ), HenacToy (112 |

In,, ¢ N (n) o n]) > 0 A, <),

sup mi“(llmd(‘n)(ﬂe).#cnd(T,)(":)|

fnein:
G € Nopger{ing.n]) > 04 R, <n.)}
respectively, and the duration constraint C(d) cau be
expressed by
0 <d <min{d,, d)

For the null interval, its degree of membership can be
cvaluated as

max(Poss{end(T,) < start(Ty)).
Poss(end(Ty) < start{T,))

= max{ sup min{penar,){ne),
n,<n,

nar,aralll) =

Hstart{Ty) (ﬂ;)),

sup !nin(“znd(Tk)(nlg)»
n,<n,

Hstart(T,) (ﬂ:))}
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On Incomplete Data in A Fuzzy Temporal Database Model
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e-mail: werasakfaimut.ac.th

ABRSTRACT: This paper presents the concept ol meomplete data afsimg i a fuzzy temporal database model and their
approximation. Interactivity amony the temporal attributes 1s umportant 1 the process ol approximating the unknown
values or reducing the space of incompleieness In adddion, the relationstup between the current ime and incomplete
data has been anvestgated. Semantics constramt ne an application domain can be used in enhancing such the
relationship so that the mcompleteness s less s study s motivited by our contention that the understanding of these
Essucs 15 mmportant 1o evaluatmg queries in such a database model However, o emphasise the point, only the temporal
attributes are mainly discussed Our approach s based on the theory of fuzzy set and a fuzzy temporal data model] has
been presented as a basic tramework tor vur discussion

KEYWORDS Incomplete data, Fuzzy Temporal Data Model, Furszy Time, Temporal Data, Database Systemns

1. INTRODUCTION

Tncomplete data have been an important ssue i the database hterature for around two decades [Codd (19795, Lipsh
(1979, Generally, there 15 no conscnsus on the meamay ol the term “meomplete data™ 1t may mean cither partially
known values [Tapshs (1979 ] or mussing vatues [Codd (1979 Howeser an thss work, incomplete data will be used in
the sense of missing values ot attributes In thes paper, we wall discuss issues on the incompleteness aspec o temporal
data i an extended refational data model Phese temporal data can he tuzey values This data model has been proposed
by the author 1o allow o treatment of both tme and Tuzzimess [Kurutach (1998)] Untld recently, temporal data models
and fuzzy data models have been rescarched separately for several years [Petny (1996}, Tansel (1993)]. During the last
few vears, rescarchers have paid ther attention 1o methods of handling both temporal and fuzzy data [Kuratach (19935,
De Tre (19973 However, most of them have concentrated on the ssues of data models and query operators. U is vur
contention that incompleteness ol Juzzy temporal dati s also an important tssue te enhance the expressive power of the
modcel. and, addinonally, being able to estumarte s value will tacalitate the capatiliny of providing the meaningtul and
usctul information trom databases, espeaially when the notion of the curment tiowe tor “now™ [Clidtord (1997)}) 15
congerned

The paper is organsed as ollows Section 2 will provide the concepts ol u discrcte time model and tuzsy time. These
notions will be used as a busis Tor the discussion i the sequel sections Scction 3 mtroduces the underly ing data model
that emphasises fuzziness in temporal data In section 40 we discuss how incomplete data can anise in temporal
knowledge and how to esumate ther meanings Section 5 shows the relationship between tie value denoting the current
time and incompleteness of data It also indicates that a semantic constrinnt of an application can be used to reduce the
space of incompleteness. but not be able to remove 10 Finally, in the last section, we wall conclude this work and discuss
further investigation

2. DISCRETLE TIME MODEL AND FUZZY TIME: BACKGROUND CONCEPTS

[n peneral, time 15 a continuous variable and can be represented by real numbers  However, most temporal database
works have assumed the discrete time model because of ats simplicity and refative ease of implementation. In such a
model, the continuous time hine is divided into nondecomposable and cquivalent-length segments (called  chrononsy.
Each chronon is viewed as 1somorphic to a natural number Time in this sense is said o be limearly ordered. 1 is also
assumed that a single pranolarity of tme 1s used i defining the nondecomposable unit of time, and hence. a chronon
can be denoted by an integer. To assume a discretizaton of the time axis imphes a simplification of its computational
handling and avoids the problem derived tfrom differentiating between open and closed intervals.



A time point in the discrete time model can be specified by an integer which is corresponding to a chronon on the time
axis. Hence, primarily, the notion of a fuzzv number [Kaufmann{1988)} can be employed in modeling a fuzzy time point
as well as a fuzzy length of time. Basically, the length (or duration) of time can be regarded as the numbers of chronons
from the starting time point to the ending time point inclusive. For computational efficiency and simplicity reasons, a
trapezoidal function will be used in defining the grade of membership of a fuzzy number. It can be defined as follow.

0 if x <aorx>d,
g a€x<h,
T(ciabed =1 ]a) ifb<x<e,
Ej;i: ifc<xsd,

Assume A = T(x. ap bop Cow dodand N = Tix' a,. b, ¢n d,) be two [uzzy number. Then, two basic arithmetic operators
can be defined as follows [4].

MAN =T dnta, bptby, Cnt o dytd,)
M —N = T(x: a,~td, Bn—Cne Co—Boy. thy 1)

Also, note that Tlx: ¢, ¢, ¢, ¢) is a precise number ¢, and we will use both notations interchangeably.

3. AFUZZY TEMPORAL DATABASE MODEL

Basically, a fuzzy temporal database is defined as a collection of temporal relations (or tables) that can have fuzzy data,
and each temporal refation contains tuples of the same types. To emphasise the point of discussion in this paper, a tuple
will be viewed as composed of two main parts: nonfemporal and temporal parts. Formally, given a temporal relation r,
a tuple /1 in r can be defined by

=<y, >

where v g domi{A)) = = dom(A) (dom(A). 1 <1 < i is the domain of attribute A)) and 115 a remporal specification
[Kurutach (1993)]. The set of # attributes {A,. ..., A} in the scheme of » are nontemporal ones. In general, the meaning
of the tuple /1 is that the fact represented by the value v is valid in the real world during the time specified by the
temporal specification ¢.

Primarily, a temporal specification defines a time interval which may be tvzzy tself. Conventionally, a time interval is
represented by its starting time and its ending time, fe. [t Ll and its duration can be evaluated as tgg—tantl.
However, when the feature of fuzziness is concerned. 1t has been argued that all three pieces of knowledge of time, the
starting time, the ending time and the duration or the length of time, are required for a time interval representation
[Kurutach (1995)]. As a consequence, a temporal specification r can be defined as

t & dom(Agn) x dom{A L) % dom{ A ) * dOMA ppur) % dOm{A eryion)

where A, is the starting time attribute, A, is the ending time attribute, A,,.., 1s the lower bound attribute, A,,,., is the
upper bound attribute and A, 15 the reincamation attribute!, The lower and upper bound attributes are used to restrict
the duration of the time, and their values are the number of chronons in the time interval. The two attributes A,,,,, and
A.ns can have the same domain which is the set of fuzzy numbers. Each of those fuzzy numbers i1s corresponding to a
fuzzy set of smallest units defined on the time axis.

In the conventional data model, the concept of a key has been used to uniquely identify a tuple in a relation or,
correspondingly, an object in the real world [Elmasri (1994)]. In what follows, the notion of a key in a fuzzy temporal
data model will be defined so that this traditional property of the key is to be maintained.

Let R = {A, Ay 0 A w {Asan Ava Aners Auppers Avenn} denote the schema of the relation r above. A set of
attributes K < {A|, A,, ..., A,} is said to be a time tnvariant key if and onty if

' The concept of this attribute will be made clear later.



Vhoger,and 2 g, AlK] = g|K]|

.where r,oas the time shid relation of rat a time point x. The value of K uniquely identify an object in the real world, but
not a tupke in a relation - Therefore, it cannot be a key of the relation. I fact, there could be more than one tuple in r
that describe one object but at difterent states. Consequently, a key of the relation must consist of a time invariant key
and a temporal attribute. When the temporal part is considered, it is obvious that neither of A, Ao Avwer 30d Ay,
can be a key auribute. This is because their values can be fuszy. Fortunately, a value of the attribute A, 0f an object
indicates the number of times that the object changed its state. In the other words, it will be updated or increased by |
every time an attribute value of the object has been changed The value of A, must be automatically generated by
the system and cannat be moditied by any user Thereture, it is obvious that

bT"]i\ Ter and /1 = i, ;JIK”A‘rruun] £ .‘:IK”Avrrmm]

That means the set ol attnbutes Koo {AL,,0.1 can be defined as a key of the fuzzy temporal relation

4. INCOMPLETENESS OF TEMPORAL DATA

Primarity, fuzziness can be represented i the structure of a temporal specification as discussed in the previous section.
However, in the real world, some pant of temporal knowledge (corresponding o some component of the temporal
spectfication) may not be hnown  This unknown information results in what is called scomplereness of temporal
knowledge. There are fitteen possible cases of incomplete data in a temporal specification. These cases arise in only
four temporal attributes (1¢ A A A and A ) in combination. Incompleteness cannot appear in the attribute
A e Decause ts value s penerated by the system Howewver, in those cases, any unknown component can be
estimated by using the knowledy e of the known components This estimation s important because it reduces the scope
or the space of possible values of the unknown components In what follow, cach case will be shown with the symbuol
“* 7 to denote the unknown data ol an attnibute

Case ! A - v - oo do versvony -
In this case. the starting tme pomnt swhere the value v becomes valid s not known. However, the estirmation of the
unhnown starting time point can be achicved by using the other known temporal attnbutes as follows

'”hl.-‘\ txy - :up Mg gL 03 p {tzn

start ) v 1 u"] Lkt

where “dltu, (z)isdetined by

- o ! : ' Com o y)
o) 5up.m|n(;:“.] _1”.1(,1 ]‘Ndl\.,fd- (v)) v<o

TAUYA (
That is, i general,

HA e L= LA g 1 LA WA i D
Case2 h- <wv -« 7 d.d,. versiond# -

In this case. the ending time pomt where the value v becomes invalid. However, the estimation of the unhnown ending
time point can be achicved by using the other known temporal attributes as follows

7, {v) = sup o (v) p ()
hlAL‘H(II _\':_\'+:—| ! ‘j| L—/uz

That is, in general,

hlAund = HA g 1 A fower IU'[Aupper -1

Case 3 h=<nv <y e * o, versiont =



In this circumstance, the value of the lower bound atiribute is not known. Generally, the difference between s and e is
the duration which must lie between * and J,. That means

* < (e-st+1) < d,

Therefore, there are two extreme values, [ and (e - s + 1), that can be chosen as the estimated value of A[A,,...]. If the
latter is selected, the scope of incompleteness of the lower bound attribute is smaller. Hence, the value of the unknown
fower bound attribute can be

h[A/rnrer I=H Acml - h[As[urt J+1

Cased i =<y <g e ), * versiont =>
This is similar to Case 3, except that the two extreme values ol f{A ..} are {¢ - 5 + 1) and », where u is the upper end
of the ume axis. The former should be chosen for the same reason as in Case 3. Thus, the value of the unkown upper
bound attribute can be

hlA

=HA )= HA J+1

upper | sturt

Case S h— < v <5, ¢, % *, versionh >

When the values of the two bound attributes are unknown, they can be estimated with the same values as follows.
Miower | = H[A hlA

-hlA ]1+1

stari

upper = erd I
Case 6 h =<y <* * d,. d, versiond »>

When we have only knowledge of the two bound attributes. the values of the starting time point and the ending time
point can be evaluated by

hlA (=T 00008 HT (v a v nu] - h[Aluwur ]+ 1)

slar
IJ[AL.’]J] = (e 0.0.00] - A A Jonsor ] - ”u'lAl'uwcr ]

Case 7h=-< v * p = [ versond ~>

Basically, the value (¢-d,) mean the starting ume point ol the tme iterval with the cnding time point ¢ and the
duration d4,. However. any time point cannot precede the starting time point of the tme axis (i.e. 0). Therefore, the
unknown value of attribute A ,,,, can be evaluated as

)] iy <0,
1 (x) =
Higa HnA
v

start

() othernwise
— A 1
rd )= upper J+ 1

. and the unknown value of atribute A, 1S
h[A!(m-crl =1

Because of the space limitations. we will leave Case 8 /1 = << v, <% ¢, d,, ¥, version# >> Case 9 1 = <y <y, *, * d..
version# >> and Case 104 = = v, 5, dy ¥, version# == here. They can be evaluated using a similar approach to Case
7.

Case 1l h=<y <5 * *

s

* oversion >
h[Acnd] = BA g T I D ]

h[A!nwur ] =1 and ”[Auppcr I=T{x i u] = hA gy ] +)



Case |2 h=<v <* e, * * versiond >>
A ar | = h[Aend U7~ - 0,0,0,0]

h[A!uwer] =1 and h[/‘\uppw,] = h[Aend] = T[x:wuuu]+l

Case 13 A=<wv <* * d.* verstonh >>

WA Tlx: 0.0.0,0] T x : wu.te u] - A 1)+ 1

slurt | = lower

WA S (T 00,0000+ AlA ] 1)

end I=Tlx

hlAl’mrer] T

Case 1d A=<y, <* * * d, versionf >>

WA = hIAcnu"] = T{x:00,u,u)

A lower I=

Case |3 =<y <* % % * versiont ~>
This is the case of total lack of temporal knowledge. Therefore, the space of incompleteness cannot be re-duced. That is.

A e | = HLA I'I =T(v 0.0, 1)

U

MA/OH'L)!‘ [ =1 and # All[),hur] =N

5. SEMANTICS OF THE CURRENT TIME

The current time is a moving time. The value row has been employed to denote such a time in temporal databases, and
it can be considered as a time variable [Clifford (1997)]. The validity of time-varying information sometimes depends
on the current-time value. For example, assume that the current time is June 7, 1999 and the granularity of time is duy-,
Then, a tuple

h = <<John, Manager, S0K>, <1 June 9, now, 7,7, 12>

means the time that John is a manager and has an income of 30K per annum starts from June 1, 1999 up until now, The
value 1 of the last attribute shows that this is the first state of the object. That is, John started working as a manager with
the salary 50K,

From the above, now is used to indicate that a fact is valid until the current ime and the future time of its validiny is
currently unknown. In the other words, incomplete data is inherent in the notion of using now as a time variable
denoting the current time. Another problem is that the lower and upper bounds of the time duration will encounter the
difficulty of being updated when the ending time is moving. The problems can be treated into two situations.

Firstly, provided that the starting time s is certainly before the current time now, the fact can be simply represented as

HA qpare ) = MA (Ml Ju A )+1

end VTN foer upper ]



fr= <y <5 e %,
and the ending time ¢ is specified by
¢ T onow v Ad now Y AdL u w)

where y-now € Ad € aemove. Ad s ealled an offser span whose semantics depending on apphcations [Jensen (1994)). For
example, in a database of the employment history, it may be a policy of the company that if an employee is either
promoted or demoted, he'she must be noticed before its eftective by 30 days. In this situation, the value of Ad is 30.
Sceondly, provided that the starting time s 18 not certainly before the present ime., the ending ime ¢ 15 specitied by

¢ T s v AL s NS e 1w

For example, assume that today 1s August 15, 1999 if the company employs a new employee who will start working on
September 1, 1999, then the temporal knowledae of the employment status of the new employee will be

- Sept 19909 ¢ % 0
where ¢ 1s a fuzzy time point characterized by

e Tl T Sept 1999 « 14,1 Sept 1999 ~ 1w )

6. CONCLUSION

In this work, we have proposed a luzzy temporal data model based on a discrete tme model. This data model has been
cmploved as the framework to discussimyg 1ssues on incomplete datain fuzzy temporal knowledge. We have shown that
the space of incompleteness of data can be reduced by using interactivity amoeng temporal attributes. Moreover, when
the current time is concerned and the variable o s emploved. incompletencss 15 inherent in s representation. Also, a
semantic constrasnt of the apphication can be used to enhance such completeness
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