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Abstract

The issue of modeling and querying such temporal
events has been the subject of research the database
communily in receni years. We present an formalism
based on a new periodic temporal type calied periodic
element to model periodic events in temporal databases,
and illustrate its suitability by extending the object-
oriented query language QQL of O, with a temporal data
type hierarchy with an implementation, The temporal
extensien to the language is achieved through a set of
absolute and relative periodic types which have well-
defined temporal operators/functions written in the form
of methods. Periodic elements ar¢ capable of
representing aperiodic, strictlv-periodic, and partialiy-
periodic absolute and relative events, and can be used
for implementing calendars, scheduling and other
temporal applications.

Keywords: Representation of time, temporal databases,
object-oriented databases, QQL, SQL, termporal query
languages, periodic events, aperiodic events, absolute
events, relative events, scheduling.
Introduction

Applications such as scheduling, planning,
forecasting, time-management, time-series, scientific,
multimedia, real-time, and active databases, banking,
faw, medical records, accounting, process control,

inventory control, geographical information systems may..

deal with periodic events in addition to aperiodic events,
The following example illustrates the need for modelmg
periodic events, :

Example I. Consider a company eluployingr'("‘uthtime and,
part-time employees. The work hours of full-time
employees cin be maintained by a conventional temporal °

database system, since they can be represented by

. oriented periédic femporal datab

intervals {*], or temporal elements [*]. The work hours of
part-time employees can’t be stored in a conventional
temporal database, because employees have (periadical)
daiiy, weekly, or monthly schedules. The work hours of
employees rotating periodically among departments can’t
be modeled in conventional temporal databases either.
The company also maintains a set of tentative schedules
or femporal templates for different types of tasks und
cmployees. These templates are work plans with no
absolute time references, Each employee  works
according to a temporal template assigned to him/her
when hefshe is employed. The management of the
conmpany also wants to sce the work history of an
employee as a whole especially when a part-time
employee becomes a full time employee or vice-versa, or
when a temporary employee becomes a part-time or full-
time employee, In the last case, an initial part of the work
history as a temporary employee is an aperiodic event,
whereas the second part as a part-time employee is a
strictly-periodic event. We call this type of events
partially-periadic events,

The rest of the paper is organized as follows. In
Section 2, the related work is discussed briefly. A
comparison of our work with the related work can be
found in [’]. We present periodic elements a data type

. capable of representing periodic events and introduce a

closed algebra on this typc as well as other temporal
operators and functions in Section 3. The underlying
object-oriented model and associated temporal data
model is introduced in Seclion 4. In this context, a set of
temporal data types used for e*ctending, (2 for periodic

time and their usage in OQL the ‘query Ianguage of 02

are_ discussed, In Section 5, we show how -an object-

O0L and pt,rmdlc elements Lbrcugh' i set of uamplus

; 'Fmd}ly the conciusmn‘; are ﬂwen m SLCtlon b.

can be queried using S
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I. RELATED WORK

Bven though the schedule of full time
cmployees in the example above can be modeled by
aperiodic temporal databases such as 5, ), the work
schedule of part-time employees or rolaling [ull-time
employees i.e. employees with a periadic schedule can
not be represented in these because these models do not
consider periodic events. In this case, periodic evenls
must bhe directly maintained and interpreted by
application programs in an ad hoc manner.

Periodic events are modeled in the literalure
using repeating intervals |7}, collection of intervals i
linear repeating points with constraints [’} linear
repeating intervals with constraints [], temporal
mediators ['!], or object oriented types [} Chandra et al.
{“] have improved and implemented the calendar algebra
in [8]. This implementation Supports periodic events
within a finite interval of time. Michael Soo [''] proposes
an extension to SQL2 that supports multiple calendars.
An object-oriented approach is taken for modeling
calendars in Eiffel language in ['*]. Periodic cvents in are
also studied in the context of deductive databases as in

[]. Recently more work has been introduced on periodic
time: [17 W JG 20 21 X223 23 25 36 27 28 29 30 31 1:] '

2, REPRESENTING PERIODIC TIME

In this sections we present a data type for representing
and manipulating temporal events called  periodic
elements. This lype introduces an implicit representation
of periodic time with clear semantics which is more user
friendlier for the users of existing aperivdic temporal
databases than the use of formulas or constraints. By
scamlcss extension we mean that the existing operators
and functions defined on aperiodic types can be applied
o the values of the new type periodic element withoul
any modifications to the syntax while keeping the a
sermantics similar to that of aperiodic operator/function..

Periodic clements are formally based temporal elements
which arc based on intervals which in turn based on
instants. The temporal types of instants, intervals and
temporal elements are first given below. Then periodic
clements and the algebra delined on periodic elements
are given. Sometimes the operators [or temporal clements
are underlined while the ones for periodic elements are
double-underlined just for clarity (all operators are
overloaded in reality except in the implementation this
was not possible because of a restriction in OQL).
Instants, Intervals and Temporal Elements

There is a set of temporal constants defined as
foliows: We choose integers to represent clock ticks for
the sake of presentation. The constant @ is the beginning
ol the physical time line. now is a temporal constant
representing the current time or clock tick. The constant

eo is used to represent the positive infinity. &3 is an empty
temporal value,

An instart ¢ of tme is a specific point on the
physical time line, represented either by intepers {discrete
time), rationals (dense time), or reals (continuous lime).
An interval [b, e], (b, e}, [b, e), or (b, ¢} Is the time
duration beginning al instant & and ending at instant
with open ends excluded. Open ends of an intervals are
indicated by paranthesis where closed ends are indicated
with bracket | ] symbols.

A temporal element N is a finite set of intervals
representing events happening over more than one
interval of time [Ga 88). A temporal clement N is written
as

N =([bj, e1], [b2, 2], -, {bf bi]) fork 21
Parcathesis can be omitied, when there is no confusion.
The sel of temporal elements are closed under the sct
theorctic operations of union L4 intersection () and
complementation ~, with T (the set of all time instants}) as
its maximum element and £ as its minimum element [Ga
88]. The temporal relationship operators of before, after,
contains, overlaps, etc. on intervals are extended to
temporal elements as well.

Periodic Elements

Temporal elemenis are more appropriate than intervals
for modeling temporal data and query languages, but
temporal clements represent only aperiodic events. We
now introduce periodic elements that overcomes this
limitation.

Definition 1 (Periodic element): A wripler of two temporal
elements N = (11, I, ..., Iy) and P = (71,72, ..., In), and
a duration p € 1 is called a periodic element, denoted by
N:P{p}, where p 2 O, Iy before J; = true, ond p 2
end(Jf ) —~ begin{J ).

A periodic element consists of three components depicted
in Figure 1:

1. Aperiodic purt N is a temporal element
denoting the initial non-periodic possibly
irregular temporal pattern/part of the
temporal event being represented,

I

Periodic part P is also a temporal element
denoting the regular indefinitcly-many-
repeating part of the temporal event,

3. Period is a duration of time between two
conseculive occurrence of periodic part P,

The condition p =0 of definition ensures that the periodic
event being represented extends into positive infinity L.e.,
the {uture. The second condition states that the aperiodic
part of the event must happen before the periodic part lo
distinguish between the two. The third condilion asscrls
that the period must be al least as long as the length of
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the periodic part of the even:. These three conditions may
be relaxed to rcpresent more complex events. For
example, a negative p can be vsed to represent an event
that can be thought ol happening backwards in an
application where it might make sense. A periodic cvent
represented by a periodic element happens over the union
of its periodic F{p} and aperiodic NV parts:

N:P{p} = N o/ P{p}.
where the periodic part £ happens in every p lime unils:
P{p} = P  translate(P, p} «/ translate(P, 2p} ... A

pericdic element is essentially an infinite union of
intervals with the periodic part repeating indefinitely.

If the periodic part P of a periodic element NoP{p} is an
empty element (P = € or the period is zero (p = &), then
this perindic element reduces to a temporal element, in
which case the periodic parl is omitted in representalion
and written N for short. Thus every femporal element
(therefore every interval and instant) is a periedic
clement by definition (This allows us to extend temporal
element which is an aperiodic temporal type seamlessly).
If the aperiodic part N of a periodic element N:P{p} is an
empty element (N = &), then the aperiodic part is
omitled from the representation and writlen Pfp} far
short.

inde 1
interval fh ef
vermprsal dleyment {fe, o), o [ 1)

presedic clement NefYpf
I, wiwsikstet P pp pauishwe( P, i

|.-:r . R R ->|z e e ._7;1_-_,_,,,,”....,“, f:r-

n |3 n

Figure 1: Aperiodic types and Periodic Element.,

Example 2: The followings are valid peripdic clements
which are written as union of intervals explicitly:

3 {an instant),

[3, 7] {an interval),

(/2, 5}, {8, 10]} (a temporal element),

[2,50{6] = ({2, 5] w8 11] wfl4,17], ...)

({0, 4], {6, 7}):[0,10]{3} = ([0, 4] w [6, 7} v

[910] o fid, 15) wf19,20] L)

Functions aperiodic_part, periodic_part and period
ieturn the corresponding parts of a given periodic
element N:P{p} respeciively: period (N:P{p}) = p.
aperiodic_part (N:Pfp}) = N, and periodic_part
(N:P{p}) = P.

Set Theoretic operators

The Boolean connectives and, or, not are widely used in
applications of periodic time. A good temporal guery

language should support set theorelic operators union L
intersection ~y difference \, and complemenration ~,

As with aperiodic events, algebraic set operators
are essenlial in expressing variely of temporal events,
Through these operalors users can express complex
events in terms of simple events. Temporal queries can
be formulaied with ease using the set theorelic aoperalors
because even the most naive users are familiar with the
straightforward semantics of the set theoretic operators,

The algebra defined on the intervals is nat
closed under the set of all intervals which causes dats
duplication over a set of tuples for a single object. This in
turn causes data integrity problems. Temporal clements
however are closed under the set theoretic operators, The
result of any algebra cxpression is also a temporal
element. On one hand this solves the data duplication and
the associated problems in the data model, because an
object will be stamped by a single temporal element
(itself is n set of intervals) at all times. On the other hand
the resulting data model is not in the 1NF anymore. From
the ease of expressing queries point ol view, the non-1NF
model provides user with a more intuitive and patural
gquery language than the INF models, because wser is
given a clearer picture of data.

Periodic clements suppart all set theoretic operatars, to
our knowledge, none of the existing periodic types offer
a set algebra including all set theoretic operalors.
Furthermore the sel of all periodic elements are closed
under sct theorctic operator as shown by the following
three lemmas. The sel theorelic operations on periodic
elements are iflustrated in Figure 2.2,

In order to develop the set theoretic operators on periodic
elements we necd 1o define somc function called
formatting functions. The lormatting functions should not
be confused with the temporal transformations even
though there is similarity between #ranslation and
right/left functions and between scaling and foldiunfold
functions. The result of a transformation of a periodic
evenl is a different event, while the result of formatting is
the same event expressed differently. We now formally
describe these formalting functions.

Definition 2.2 (Right-shift)

Given a periodic element N:P{p} and a duration d 3 0,
the function right : Px ¥ — Pright-shifts the beginning
af the periodic part of a by d time units:

k
right (N:Pfp}, 1) = N v U transtate (P, (i-1)p)) v
i=1
(translate (P, kp) M [begin translate (P, kpj),
transiate (begin (P), d)]) : [translate (begin (P),
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d), translate (begin (P), d+p)]0 (transtate (P,
kp) Witranslate (P, (k+1)p)) (p}
where k = [d | p /I
Defimition 2.3 (Left-shift)
Given a periodic element N:P{p} and a duration d (0 <d
<p), the function lefi: Px ¥ — P shifts the beginning of
the periodic part P af N:P{p} by d time units to the left.
Let O = N [trunslate (begin (P}, —d), begin (P)]. Then
left (N:Pfp}, d) = N—Q : @} (P {begin (P), translate
(begin (P), p-n)]){p}
if O = transtate (P ftranslate (hegin (P), p-n), end
{P)]), p).c0
Diefinition 2.4 (Fold)
Given a periodic element N:P{p} and an imteger n > 0,
the function fold: Px N — Pdivides the periodic purt of
o into q equaldength, idensical-pattern  temporal
elements as follows:

fold (N:P{p}, q) = N : [begin (P), ranslate
(begin (P), pin})] NP {pin}
if rranslate (Qg, (j-Dpin) = Qj for 1 <i < j <nwhere

Qi = [translate (begin (P}, (k-1)pin), translate
(begin (P), kpig)] O P. 0 E—

Definition 2.5 (Unfold)

Given a periodic element N:P{p} and an integer n (> 0),
the function unfold replicates the periodic part of an
times as follows:

unfold (M:P{p}, n}=N: U translate (P, (i-1)p){pq} .

The formatling lunctions are wsed to write a periodic
even! in differenl ways. Below we give 3 lemmas used
for proving @ theorem stating that periodic clements are
closed under set theoretic operators. The proof of the
lollowing lemma is based on formatting functions.

Lemma 2.1 (Union)

The union e U fof two periodic elements o und £ is also
u perindic element, [

Proof
Leta=Np:Pripr) and f = No:Pafpa}. Then
C auf=NpPifpy} VN2 Pafpa)

Show that Np:Ppfpr} «Na:Pafpa) is a periodic element.
Assume without loss of generality that begin (Py) <
bepin (F2). Lel N3:P3{p1} = right (N1:P1{pj}, d) where

k
N3 =Njuw U translate (Py, (i-1)p3) L {translate (P,
I=1
kpp) 2 [begin translate (F, kj) 1)) transiate
(begin (Pp), d)}),

P3 = [rranslate (begin (Py), d), translate (begin (P}),
d+pp)i(transiate (P, kpy) wiranslate (P,
(k+psh

where

k=1d/p;fandd = distance (begin (P3), begin (P]))

Replace Ny:Pr{p;} with N3:P3{p1}. since N7 Py{p;} =

N3:P3{p1} by the right shift rule. Then
afi=N3:P3fpl} VN2 : Pafpa).

Let N3 o Py flem (p1, p2)} = unfold (N3 : P3 {p1}, fem

(p1, p2)ip1) where

n
Py = U transtate (P3, (i-1)pg} and n = lem (p}, p2)ip}
i1
Since N3: P3 {p1} = N3 : Py flem (pg, pa}}
replace N3 @ P3 {py} with N3 © Py flem (p], pail
Similarly let Np : Ps flem (p}, p2)}} = unfold (N3 : P>
{p2}, lem (p1, p2)ip2)

n
where P35 = U translate (P2, (i-1)p2) and n = lem (py},

i=1

m2pr.

Since N2 : P2 (pa) = No 2 Ps flem (p1p2)}

replace N2 - Po {pa} with No @ P {lem (py, pa)} (Note
that any common multiplier of py and p2> would suflice
for proving the lemma, however lem (py, p2) is chosen 10
minimize redundancy.):

@/ = N3 Pyflem (p,p2}} WN2 : Psflem (p,p2)}
By definition

a U fI= N3 Py Utranslate (Py, lom (pg, p2) v
transiate (Py, 2icm (pyg, p2)) L. WN2 WPs Uiranslate
(P35, lem {p], p3)) L translate (P35, 2lem (pg, p2)) U ...
Alfter regrouping the terms,

aufi=N3 WN) WPy WPs Utranslate (Py, lem
(p1,p2)) & translate (P35, lem (p1,p2)) L translate (Py,
2em (pr,p)) Wiranslate (Ps, 2lem (pp,p2)) ...

Hence,

=Ny WUNa Py W Ps flem (By, p2)). 2
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Next two leromas can be proved similarly,

Lemma 2.2 (Inlersection)

The intersection a 1 f of vwo periodic efements a and f
is also a periodic element.f]

Lemma 2.3 (Complementation)

The complement - ¢ of a perfodic element cis u periodic
element.

Theorem 2.1

The set of all periodic elements P is closed under ser
thearetic operators union (U4, intersection (7)), and
complement (~).{7

Proof

The proof follows from Lemma 2.1, Mext two lemmas
can be proved similarly.

Lemma 2.2, and Lemma 2.3.

The closure property also holds true between aperiodic
and periodic, and aperiodic and aperiodic events, since
aperiodic events are defined as a special case of periodic
events,

Example 2.3

Lel = [0, 8] ¢ 124, 26] {12} and f = [5, 12] - [24, 27]
£5)

aw f= [0, 12] : (24, 27, [32, 35], {36, 38],
(40, 43] 124,

~(a U = (12, 24), (27, 32): (35, 36), (38,
40), (43, 48){24).

"
Let pp and app stand for periodic_part and

aperiodic_part functions. Then the union and intersection
operators are algorithmically defined as follows:

Definition 2.6 (Union Algorithm)

Leta=M:Pipjand f =N : Q {q} be 2 periodic
elements. Assuming begin (P) before begin (Q) = true,
the union & U fis computed by the following formula;

@ U fi = app (right (o, distance | begin (P}, begin ((0))))
UN:

pp (unfold (right (o, distance (begin (P), begin
(@), tem(p, g)ip)) L

pp (unfold (3, lem(p, q)/))) {lem (p, q)}.2

u - - - 3
fi o <t — i ”
i - >
am i : o
o--f

-rr . >

Figure 2.2: The set theoretic operators

The correctacss of this definition follows from Lemma
2.1. When ¢ and § are temporal clements, the union U on
periodic elements reduces (o the union U on elements.
Similarly if o and B are intervals, then the union w on
elements reduces the union o of iatervals, The
intersection of periodic elements is defined similarly to
union.

Temporal Transformations

When defining a periodic events such as periodic or
mullimedia events in terms of other periodic evenls,
temporal transformations are utilized quite often. The
usual transformation functions translate, and scale on
periodic elements are defined

Temporal Relationship Operators

The relationships between temporal event represented by
periodic elements can be captured by a set of operators
such as before, after, contains, starts cle.. The semantics
and the syntax of these operators follows from their
counterparts defined on temporal element and intervals
and omitted here.

3. PERIODIC OBJECT-ORIENTED TEMPORAL
DATA MODEL

Many Object-Oricnted Temporal Models have been
proposed in recent years such as [ * % ** ¥ Temporal
evemts can be modeled by associating time with either
objects or by attributes called artribure Stamping and
tuple stamping  respectively [2]. Tuple stamping is
achieved by introducing one or more attributes in a
relation/class to represent the valid time. Atribute
stamping associales time-stamps with each value, thus
resulting in a nor-first normal form relation, The valid
time of a complex object is recursively derived from its
constituent abjects.

"The history of an attribute is slored as a funclion
of time from the attribute doemain into the time domain

L




Temporal Queries in oal

(The meaning of the lerm history here extends inlo the
futere in the case of periodic elements). A [unction may
be stored or compuled (a procedure) function which 15
invisitle to users. In an implementation, the history can
be stored as a sel of mappings as in Salary = ([89/1/1,
93/5/1] — $2000, {956/1, 96/711] — $2100) lor a salary
attribute. Lifespan of an attribute or object is the lime
over which it exists or happens. The polymorphic Vtime
funclion computes the lifespan of an object/attribute by
unioning the periodic clements in the temporal mapping
of the object/attribute. For example, the lifespan is
Viime(Salary) = [89/1/1, 96/7/1] for the salary altribute,
The lifespan of a complex object (defined through tuple,
set, list, multi-set constructs) is the union of the lifespans
of ils constituent objects/attributes defined recursively.
Since a class is a set of objects, the lifespan of a class is
derived from the union of the lifespans of the objects in
the class. The lifespan of a superclass from its subclasses
can be derived similarly.

4. QUERIES IN OQL

We introduce the periodic temporal queries in the query
language OQL of O, (Temporal databases can also be
directly quericd within an application through C, Cta
and O.C interfaces 1o Oq) The queries are expressed using
the Select command similar to SQL Select. The Select
command in O, is more powerful than the Select in SQL.
For example, nested subguerics can be placed anywhere
in the sefect, from, or where clauses as opposed ta only in
the where clause of SQL Select. The O, query processor
is also capable of evaluating any valid gxpressions
involving object-ids, mathematical formulus, function
calls, etc.

Consider the cmployee database in Section 1.
We define an employee class for storing employee dala
where the birth date is a non-temporal atiribute, name and
salary are defined as temporal attributes. The name
anribute could have becn also defined as static atiribute
in which case the changes to cmployee namaes cannot be
stored and quericd, Below are some queries given in
OOL, more queries can be found in [3}.

class emp inherit t_object
public type
tuple (birthdate: Date,
t_empname: list (tuple (time: P_element,
value: string)),
t_salary: list (tuple (time: P_element, value:
integer)),
o)
method
public empname (& Instant): string,

public set_empname {list
(time:P_element, value: string))): boolean,

public display_empname: string,

public salary (t: Instant): string,

public set_salary (list (tuple
(time:P_element, value: string))): boolean,

public display_salary: string,

public vtime: p_element,

public t_display (i: Instant): string,

(tuple

end,;

1. What was John's pay 2 weeks afler he stared
working?

select e->solary (instans_translate {begin

(viime_integer (e->t_salary}), 14))

from  einemps .

where e->empname (itow())="john "
The t_salary is the temporal extension of the safaty
attribute, i.e., it is a data structure conlaining the
salary values over the past present and the luture.
The wime_aterib_type {vtime_integer, viime_string,
ete) funclion compules the valid time of a emporal
attribute  of  type  aurib_type. The begin
(vtime_integer (e->t_salary)) compules the starting
time of the salary attribute. The instant_translate
(begin (viime_integer (¢->t_salary)}, 14) translates
the beginning time by 14 days.

2. How ofien is John paid ?

select  period (vtime_integer (e->1_salary))

Jrom e inemps

where e->empname (now())= “john"
vtime_integer (e->1_salary) computes the valid Hme
(lifespan) of the salary attribute in the form of a
periodic element. The period function returns the
period of a periodic element.

3. Who are employces who are paid weekly?

select  e->empname (now(})

from  einemps

where  period (vtime_inseger (e->t_salary)) =7

4. Display salary history of employces

seleet  e->display_salary()

from  einemps
The display_salary attribute retums the salary over
the lifespun of the attribute in text formal.

5. Are all employees currently making more than $6
currently?

for all e in emps: e->salary(now()} >= 6
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A guery can be existentially or universally guantified
in OQL. This guery evaluates to true if all employees
make more than $6 currently.

6. Will there be any cmployee making less than 56 in a
year from now?

exists ¢ in emps: e->salary {instant_translate (now(),

365)) <=6
The instant_rranslate  (now(), 365} expression
computes the temporal expression a year from now
by translating current time instant {now(}) by 365
days.

7. What was the maximum salary paid as of 9 days
ago?

max (select e-=salary (instant_transiate {now(), -9))

Jrom e inemps)

& Who are those employees thal have been in the

company during the time John was in the company?

define john as

intersect (element (select e->wiime(} from e in emps
where e->empname(now(}) = "john"),
until_now())
select f->empname(now()) from  fin emps
where contain (f->viime(), john)

& What time frame in which either John or Mary arc

working?

union (element (select e->vtime() from ¢ in emps
where e->empname(now()) = “joln”),
element (select e->viime() from ¢ in emps
where e->empname(now(}) = "tim"})

5. CONCLUSION

A pericdic type has to conflornm o some requirements
such as simplicity of representation, ability to represent
aperiodic, strictly-periodic or partially-periodic relative
and absolute events vniformly. We proposed a femporal
type called periodic clement meeting these requirements
and showed ils applicability 1o temporal databases by
extending the OQL with a temporal type hierarchy for
periodic temporal data. Our extension defines temporal
data as a function time through a sei of abstract data
types complete with relational comparison operalors, sel
theoretic  operalors  and  temporal  transformations.
Temporal expressions involving periodic clements can be
optimized for efficient query processing. Since instants,
intervals and temporal elements are periodic elements by

definition, the existing temporal models and their query .
languages based on instants, intervals and temporal -
W 15 T. Lawson, C. Balthazaas, and A Gray. An object-Oriented
changing the syntax and semantics. A set of OQL queries | . -
including apgrepate functions and valid ‘time on a
periodic temporal abject-oriecnted database in 02 is gwun_

elements can be extended for perindic data without

for an employee scheduling system. Calendars and
different time granularity can be expressed easily with
periodic element as well [*%].
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